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FOREWORD
This document is presented as three chapters. The first chapter consists of
background infoffi1ation to aid in the understanding of the following two chapters. The
second and third chapters are formatted as stand-alone articles under the specifications of
two journals, Soil Science Society of America Journal and Journal of Environmental
Quality. This approach facilitates a more streamlined method of preparing manuscripts
for publication without the necessity of rewriting the thesis.
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CHAPTERl
MANAGEMENT OF SWINE WASTE PHOSPHORUS AND IMPACT OF EXCESS
PHOSPHORUS ON THE ENVIRONMENT
INTRODUCTION
The continued expansion of the swine industry in Oklahoma and throughout the
United States raises numerous environmental concerns. One of these concerns is the
negative effect of phosphorus (P) on water quality due to agricultural nonpoint source
pollution. In areas of intensive crop and livestock production, continual P applications of
mineral fertilizer and manure have been made at levds exceeding crop uptake (Sharpley
et aI., 1994). As a result, surface soil accumulations orp have occurred to such an ,extent
that the loss of P in surface runoff has become a priority management concern. In several
cases, the capacity of the soi] to adsorb further P additions has become limited, with
increased accumulation of P in ground water observed in the U.S. (Federico et aI., 1981)
and internationally (Breeuwsma and Silva, 1994). Swine manure management is
becoming ever more important as water quality deteriorates for the use ofdrinking,
industry, agriculture, recreation, and numerous other purposes.
SWINE PRODUCTION IN OKLAHOMA
Swine production in Oklahoma,. particularly the Panhandl,c region, has increased
tremendously over the past decade. As hog production rises, swine manur,e increases
accordingly. In most large swine production systems the waste is stored in earthen
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lagoons where the feces, urine, flush water, and spined feed are aU biologically treated by
ubiquitous microorganisms. The main function of the lagoon treatment system is to
reduce the pollution potential of the waste into warterbodies (Hamilton, 1996). When a
lagoon reaches maximum capacity, the effluent, liquid portion ofllie lagoon waste, and
the sludge, semi-solid portion that settles at the bottom of the lagoon, is applied to crops
and forages due to the waste's nutrient benefit. The land application of animal wastes for
plant nutrition has been practiced around the world for centuries (Sims, 1995).
Between 1992 and 1997 hog inventory within the state of Oklahoma increased
exponentially, growing from 260,682 to 1,689,700 total head (National Agricultural
Statistics Service, 1997). In 1996, Oklahoma ranked lOth nationally in total hog
numbers, with the Oklahoma Panhandle being the leading area of swine growth in the
United States. Over the past decades, swine production has switched from numerous
small family operations to fewer and significantly larger facilities where the animals are
more confined. More than 6,600 concentrated animal operations existed in the United
States in 1992 and a large majority of these facilities used lagoons as their waste
management practice. (Kosco and Hall, 1999). Worldwide, swine production creates 1.7
billion tons ofliquid manure annually (Choudhary et a!., 1996).
IMPORTANCE OF P IN AGRICULTURE
Phosphorus is an essential nutrient for plant growth. Low concentrations in native
soils (100-3000 mg P kg-I) and low solubility «0.01 mg P L-1) make it a critical nutrient
limiting plant growth (Sharpley, 1999). The primary roles of P in plants are for energy
storage and transfer (ATP and ADP), a critical component ofcellular membranes
3
(phospholipids), and a constituent of DNA and RNA (Brady and Weil, 1999). Also, Pis
associated with increased root growth in most plants (Tisdale et aI., 1993). Plant roots
absorb phosphorus dissolved in the soil solution mainly as the orthophosphate ions
HP04-2and H2P04-. Once P is added to soils through animal waste or fertilizers,
numerous reaction sinks exist in the soil in which the P is "tenaciously held by soils
through both electrostatic and nonelectrostatic mechanisms" (Sparks, 1995). Before we
can develop agronomically and environmentally sound management systems for P, we
need to understand what forms of P occur in soils and how these sinks change with P
additions from animal waste. A description of the processes that occur between added
fertilizer or animal waste P and soils is described below.
REACTIONS OF P IN SOIL
An understanding of how swine waste P reacts in soil is important for
environmental and agronomic implications. The bioavailability of P for plants and
organisms is highly dependant upon the mineral pool in which the P exists. Most P in the
soil and P added from animal wastes or fertilizers are unavailable for immediate plant
uptake. Less than 30% of applied P is actuaUy recovered in plants due to the sorption of
P into mineral fractions (Johnson et aI., 1997). From an environmental perspective, the
soluble organic and inorganic phosphates are the forms that are of primary concern. Very
low concentrations of soluble P exist in most soils due to the sorption of P into stable
mineral fractions. However, continuous applications of swine waste can buildup the
loosely bound/soluble P soil fraction to levels that can potentially impact environmental
quality.
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Sorption by soil mineral pools is the mode by which the applied P is rendered
nonlabile and immobile. Once applied to soil, P has numerous mineral pools where
sorption processes, a collectiv,e term for adsorption and/or precipitation reactions from
the soil solution (Sposito, 1989), can occur. The main property controlling the inorganic
P fonn is soil pH. Ligand exchange reactions between aluminum (AI), manganese (Mn),
and iron (Fe) oxides with P causes the formation of specifically adsorbed complexes.
Strong covalent bonds are created when phosphate exchanges with hydroxyl groups
associated with hydrous oxide clays, which render the P virtually insoluble (Sparks,
1995; Sharpley, 1999). In low pH soils the kinetics and equilibrium thermodynamics of
these ligand reactions is increased dramatically. Also, in highly acid soils (pH <5), free
Fe3+ and Ae+ in solution can precipitate strengite, variscite, or other related insoluble
minerals. Alkaline soils promote the precipitation ofcalcium phosphate minerals such as
brushite (CaI-fP04"2I-l]O), monetite (CaHP04), octacalcium phosphate (Ca.tI-I(P04)'
2.5I-I20), and hydroxyapatite (CaS(P04)30H) (Lindsay, 1979). These P minerals form
readily when the soil pH >7 and the precipitated calcium phosphates are relatively
insoluble.
The kinetics of P sorption occurs in a two-step process. Adsorption is believed to
be the primary process during the initial rapid reaction that takes place within the first
four hours of contact between the P and soil particulates (Singh and Jones, 1976).
Nonspecific adsorption, and ligand exchange reactions on clay edges are the processes
that dominate during the adsorption of P. Over the period of several weeks and longer,
the slower process ofprecipitation takes place between the added P and Fe, AI, or Ca
(Sposito, 1989; Sawhney and Hill, 1975; Singh and Jones, 1976).
5
IMPACT OF EXCESS P ON THE ENVIRONMENT
Surface runoff is the primary mode of P transport to surface water. The loosely
bound/soluble P sorbed to the eroded soil particles must detach to present a problem to
water quality. Soils enriched with P from continuous manure applications have
significantly contributed to the deterioration of surface water quality in the US. (Eghball
et aI., 1996). Phosphate in drinking water is not considered to have toxic effects to
humans or animals (Amdur et al., 1991); therefore, no drinking water standards have
been established for P by the US. Environmental Protection Agency (U.S. EPA, 1990).
The problem exists in that the excess P in surface waters promotes a process known as
eutrophication. Eutrophication is defined as the nutrient enrichment of lakes, ponds, and
other such waters that stimulates the growth of aquatic organisms, which leads to a
deficiency of oxygen in water (Brady and Wei1, 1999). Eutrophication of most fresh
water around the world is accelerated by P inputs (Kauppi et aI., 1993; Sharpley et aI.,
1994). Excess P in freshwater stimulates blooms of cyanobacteria, or blue-green algae,
which in turn depletes the oxygen content in the water. Other problems associated with
algal blooms are foul odors in drinking water, summer fish kills, loss of biodiversity, the
formation of trihalomethane during wat,er chlorination in treatment pLants, and the
formation of a potentially lethal water soluble neuro- and hepatotoxins created during the
death of algal blooms (Kotak et al., 1994; Martin and Cooke, L994). P concentrations
found to stimulate eutrophication in fresh water are between 0.05-0.1 mg P L- 1 (US.
EPA,1976).
Phosphate has historicaHy been considered an immobile nutrient that does not
readily leach to groundwater. However, recently leaching has been demonstrated is a
legitimate pathway for the movement of P into surface and groundwater (Chardon et aI.,
1997;. EghbaH et aI., 1996.; Lucero, lli 995). The downward movement of P can occur
slowly by accumulation in the soH profile or relatively quickly from preferential flow
through soil cracks, root channels, or borrows of worms or other animals. Also, swine
lagoon failures are becoming a significant source ofP pollution. As swine production in
Oklahoma increases, an increase in the utilization of lagoons to store and treat the swine
waste grows as well. With increasing lagoon volumes and total number of lagoons, there
is an increasing risk of lagoon failure as well (Cuney and Phillips, 1989; Westerman et
aL,1995).
MANAGING SWINE MANURE
Managing manure can improve overall farming operations while protecting the
environment and reducing fertilizer cost to crops and forages. A waste management
system should be part of a total soil and water conservation plan for farms producing
livestock. A nutrient management plan is an important part of the total waste
management plan. A nutrient management plan includes soil testing and testing the
waste in order to match the crop needs to the nutrients availlable. This also means a large
enough storage system will be needed to allow waste to be applied when the most benefit
will be reahzed by the crops from the available nutrients. Having ample storage is
essential to allow land application when needed by plants rather than having to apply to
saturated fields or pastures where nmoff is more likely. The storage and handling
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methods along with the method of fieldl application can make a considerable difference in
plant nutrients available.
As swine production rises in Oklahoma and throughout the United States, the
careful management of manure and waste will become increasingly important. The
adoption of some best management practices by swine production operations will
increase the nutrient value of the waste and help protect water quality. Soil testing and
periodic nutrient analysis of the manure are essential practices for operators that land
apply waste. To prevent the accumulation ofexcess P in soil, manure should be applied
according to the P needs of the crop, and then supplemented with nitrogen fertilizer to
accommodate the nitrogen need of the crop (Daniel et al., 1994). Also, incorporating or
injecting the swine manure into the soil will improve root contact with the added P and
significantly decrease the potential of transport off the field. Avoid spreading waste near
wells, ponds, streams, or sloping areas where runoff potential is high. The addition of
vegetated filter strips along streams will trap sediment, waste, and/or dissolved P before it
can impact water quality. The use of conservation practices that minimize runoff and
erosion on land where waste is applied is recommended. Crop residue management,
cover crops, contour tillage, runoff water impoundments and terracing are conservation
strategies that can limit transport of P to surface waters. The regular calibration of
application equipment will ensure that waste is not being over- or under applied (Johnson
et aI., 1997).
Proper lagoon construction and management is critical for the storage and
treatment of swine waste in an environmentally safe manner. Before lagoon installation,
an investigation involving the area's susceptibility to flooding and the hydrology of the
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site should be examined. Avoid placing lagoon structures in areas nearby sensitive
watersheds, high water tables, floodplains, or sloping topography. lmpenneable clay or
plastic liners prevent the l'eaching ofwaste and the use of settling basins make liquid
waste easier to apply or recycle. Always be aware of lagoon levels and never allow a
lagoon to overflow. Finally, maintaining vegetation, rodent and varmint control near
lagoon edges can reduce the potential of lagoon failures.
Dietary manipulation has been proven to significantly decrease the amount of P
excreted by swine. Most swine feed contains P levels 20-30% greater than the animal's
requirement to guarantee a margin of safety (Carter, 1999). Therefore, the use of
additional P supplements in swine operations wastes money, consumes valuable P
resources, and produces manure rich in P. Another effective method to reduce P in
manure is the addition of the enzyme phytase to swine diets. The addition of phytase to
feed has been shown to reduce P excretion by 30-50% (Carter et aI., 1996). Phytase is
necessary to degrade phytate P in feed grain and meal however it is not enzyme produced
by swine metabolism .. If swine facilities in the U.S. supplement feed with phytase, the
estimated decrease in P excretion would be 200 million tons per year (Cromwell, 1996).
Again, P resources would be conserved and the environmental impact potential declines
because less land would be needed to dispose of the manure.
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CONCLUSIONS
With the rapid increase of swine production in Oklahoma, the management of
manure P will become increasingly important for the protection of water quality. The
majority of the soils in Oklahoma possess numerous mineral sinks for P that reduces the
pollution potential. Howev,er, on land where surface runoff occurs, the P can still impact
surface water and accelerate eutrophication. Generally, the use ofswine manure in
agronomic systems is a cost efficient and environmentally safe means to r,ecycle waste if
appropriate management practices are established and followed. Soil testing and nutrient
analysis of the manure are critical steps required for all waste management plans to
effectively reduce the P loading into surface waters. Swine production and agriculture in
general, must start taking significant steps toward reducing P nonpoint source pollution
before the impact to water quality and overall ecological health becomes irreversible.
The implementation of every feasible best management practice to swine facilities would
drastically reduce the polluting of America's most precious nature resource...water.
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CHAPTER II
PHOSPHORUS FRACTIONAnON ON THREE SOILS FOLLOWING SWINE
EFFLUENT/SLUDGE INCUBAnON
ABSTRACT
Phosphorus (P) fractionation procedures can characterize the distribution of soil P
mineral forms following the application of P in swine waste. Fractionation of P is
beneficial agronomically by identifying labile and nonlablile P pools for crop utilization.
From an environmental perspective, fractionation methods can detect potentially mobile
P fractions which could impact water quality. Three soils were incubated for 35 days
with swine effluent or sludge at two moisture contents, saturated (1: 1 soil/liquid) and
unsaturated (l bar). The discrete mineral fractions measured were loosely bound/soluble
P (LB/S-P), aluminum phosphates (AI-P), iron phosphates (Fe-P), reductant soluble P
(RS-P), and calcium phosphates (Ca-P). Mehli'ch III extractable P was also measured to
detennine P availability before and following the incubation period. The LB/S-P
concentrations decreased significantly after the incubation for all unsaturated and
saturated soils treated with the swine wastes. An acidic loam soil treated with effluents
from two lagoon depths exhibited a decrease of the LB/S-P to undetectable levels. With
beginning concentrations of 58.5 and 57.5 mg P kg-I soil, no P was measured in the
LB/S-P fraction after 35 days.. The majority of the soils distributed the waste P primarily
into the AI-P and Fe-P fractions. The soils displayed a difference in P distribution when
comparing the saturated and unsaturated waste treated soils. For example, 38.1% of the P
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extracted for the unsaturated acid loam soil was in the Fe-P pool; however, the Fe-P
percentage rose to 71.4% for the saturated soil treatment. The Ca-P for the saturated
Richfield day loam decreased by 14.6-17.5% for the swine waste treated soils in
comparison to the unsaturated soils. The AI and Fe fractions for aU soils demonstrated
the ability to sorb more P than the Ca mineral pool after the 35 day incubation. from an
environmental perspective, the results of this project can be applicable in a lagoon failure
situation where leaching waste rich in P could impact surface or groundwater quality. All
soils exhibited an ability to sorb large concentrations of soluble P into stable and
immobile mineral sinks. In a crop production circumstance, most added P was
distributed into the nonlabile AI-P and Fe-P pools. Repeated applications of swine
effluent in P deficient soils would likely be required to increase LB/S-P and Mehlich III P
concentrations, but the application of swine sludge would provide a substantial amount of
immediate available P for plant uptake.
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INTRODUCTION
Phosphorus (P) fractionation procedures can aid in identification ofmineral pools
that are affected by the addition of P in fertili2lers or animal wastes. Sequential chemical
extraction methods have been used widely to chcrracterize the distribution of soil P
mineral forms. Chang and Jackson (1957) developed a widely used P fractionation
procedure that classified inorganic phosphates into fOUI main groups: calcium phosphate,
aluminum phosphate, iron phosphate, and reductant soluMe phosphate for the removal of
occluded iron phosphate. Several modifications have been made to the scheme since the
inception of the procedure. Peterson and Corey (1966) altered the pH of the NH4F
extracting solution; WiJlliams et al. (1971) induded a sodium citrate-sodium bicarbonate
extraction to minimize the resorption of P by CaC03; and Hieltjes and Lijklema (1980)
implemented the use of 1.0 MNHtCl for extraction ofloosely bound/soluble P, 0.1 N
NaOH for iron phosphates (Fe-P) and aluminum phosphates (AI-P), and 0.5 N HCI for
calcium phosphates (Ca-P).
The soil P fractions are extracted and identified based on each fraction's solubility
equilibria; therefore, the extractants used in the fmctionation scheme are non-selective.
However, the procedure is valuable for interpreting the relative distribution of P in soils.
The discrete chemical P fractions measured in this project are the loosely bound/soluble P
(LB/S-P), Al-P,.Fe-P, reductant soluble P (RS-P), and Ca-P. A calcareous P fractionation
method and a noncalcareous method are utilized in the experimentation. The procedures
differ in that the noncalcareous scheme separates AI-P from Fe-P using NH4F, P-
complexes AI, followed by the extraction of Fe-P with NaOH and sodium citrate
dithiol1ite bicarbonate. However, the NH4F reacts with the CaC03 in a calcareous soil to
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form CaF2 and other secondary precipitates (Kuo, 1996). A NaOH and NaCl solution is
used in the calcareous method to extract the Al and Fe-P fraction simultaneously.
The objective of this project is to evaluate how P in swine effluent and sludge
affects soil mineral pools under saturated and unsaturated conditions. Fractionation
procedures will be used to identify the mineral pools altered by the addition of P in swine
waste. Swine effluent from two lagoon depths and swine sludge will be incubated with
soils differing in physical and chemical properties to compare the differences in P
distribution. Lagoon effluent from the 0-2 ft. depth and the 8-10 ft. depth were used to
assess if differences in chemical composition based on lagoon layering altered P sorption.
The intent of the project is not to quantify the P fraction changes, but to evaluate how the
swine waste P affects the mineral pools of soils differing in chemical/physical properties
and moisture contents.
The results of this project can be beneficial for environmental and agricultural
implications. Environmentally, this study is important from the perspective of a lagoon
failure incident. Numerous documented cases of subsurface lagoon failures have been
reported within the past thirty years. For example, Mallin et a1. (1997) studied a poultry
waste lagoon mpture and a swine waste lagoon leak in North Carolina during the summer
of 1995. High concentrations of orthophosphate and total P (> 11.0 mg P L- 1 measured
for both) was discovered in stream waters several kilometers away from the lagoon sites.
Excessive algal bloom, numerous fish and mollusk kills, and high coliform
concentrations were observed in these accidents. Eight other accidents were recorded
that summer in North Carolina in which an approximated 4 million liters of waste was
discharged from each facility. Ciravolo et a1. (1979) found low levels of groundwater
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contamination due to the rupture of lagoon seals from the drying of exposed subsoil
during a low containment period and from gas release due to microbial activity beneath
the seal. Westerman et aI. (1995) evaluated P enrichment ofgroundwater from two
newly-formed clay lined lagoons underlied by a sandy soil and Withers et aI. (1998)
found significant increases in groundwater P, K, N, Na, Cl, S, and Escherichia coli from
a dairy lagoon fissure. Numerous other documented cases exist that demonstrate the
impact of lagoon failures on groundwater quality.
Phosphate leaching is normally not considered a threat to grolmdwater quality,
however past studies have shown that subsurface flow can be a significant transport
pathway of P into surface waters sensitive to eutrophication (Calvert, 1975; Izuno et al.,
1991). The sorption ofP into mineral fractions that immobilize the phosphate (AI-P, Fe-
P, RS-P, and Ca-P) is important to recognize for the protection of groundwater. The
identification ofP in the LB/S-P fraction is important as well. The LB/S-P is potentially
mobile and could impact surface and groundwater quality.
Agronomically, this project will evaluate how swine effluent and sludge P affects
labile mineral pools for crop production. The LB/S-P is the fraction immediately
available for plant uptake. As for the Al-P, Fe-P, RS-P, and Ca-P, these mineral pools
represent P which are not as readily available for plant uptake. Mehlich III extractable P
will be analyzed for all soils to determine P availability following a 35 day incubation
with the swine wastes. This project is also applicable for agronomic systems utilizing
subsurface drip irrigation of swine lagoon effluent. In the Oklahoma Panhandle region,
this form of irrigation is being proposed to supply crops with moisture due to the lack of
precipitation in the area (approximately 30-38 cm precipitation per year). Also,
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subsurface drip irrigation of lagoon effluent provides nutrients for plant growth and is an
effective method of waste management for swine production facilities. The experiment
will provide data on the distribution of P in soils under fluctuating moisture conditions
(anaerobic conditions while irrigatmg and aerobic after plant uptake, evaporation, or
leaching from the soil profile).
The primary objective of this experiment is to determine what inorganic soil
mineral pools are affected by the addition of P in swine lagoon effluent/sludge under
different soil moisture contents. These factors will be evaluated at time zero and after an
incubation period to assess the potential differences in P distribution over time.
Additionally, plant available P (Mehlich In extractable P) will be measured for the swine
waste treated soils before and after the incubation to determine how P availability
changes over time.
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MATERIALS AND METHODS
Soils
Three soils representing a wide range of chemical and physical properties were
chosen from different locations in Oklahoma where swine production is prevalent (Figure
I-I). The Richfield clay loam (fine, smectitic, mesic Aridic Argiustoll), a soil series
widely distributed in the Oklahoma Panhandle, was obtained from a cultivated field at the
Oklahoma Panhandle Research Station, Goodwell, OK. The Richfield was selected
because it is found in the region where the sharpest increase in swine production has
occurred in Oklahoma over the last decade. The Richfield series consists ofvery deep,
well-drained, moderately slow permeable soiis formed in calcareous loess plains. The
surface soil samples used were calcareous with an average pH value of 8.2 (1 :2 soil/water
solution). The Dennis silt loam (fine, mixed, thermic Aquic ArgiudoH), a series located
throughout central Oklahoma, was taken from a cultivated field in Holdenville, OK. The
Dennis series is a deep, somewhat poorly drained, slowly permeable soil formed frol11
weathered shale. The surface soil used was moderately acidic with an average pH value
of 5.7. The Bethany silt loam (fine, mixed, superactive, thermic Pachic PaleustoH), a soil
series found in north central Oklahoma, was obtained from a cultivated research plot in
Hennessey, OK. The Bethany series consists of a deep, well drained, slowly permeable
soils fanned in loess or alluvium over shale (USDA-NRCS, 1996). The mean pH of the
Bethany surface samples was near neutral with a value of7.3.
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Incubation Flask Preparation
Effluent and sludge for the incubations were obtained from a model facultative
swine lagoon created by the Oklahoma State University, Biosystems and Agricultural
Engineering Department. Th.e model lagoon was fLrled with material from an anaerobic
swine lagoon located at Oklahoma State University, Stillwater, OK. For incubations,
three lagoon layers were sampled from the model lagoon: two-foot depth effluent, eight-
foot depth effluent, and sludge from the base of the model. A 2x4 factorial arrangement
of treatments was established using two moisture contents and four liquid treatments.
The soils were mixed with DI water (control), 2-ft depth effluent, 8-ft depth effluent, or
sludge. Moisture contents of I-bar and a saturated were prepared using liquid treatments
(DI water, the 2 or 8-ft effluents, or the sludge}. The saturated treatment was created by
adding 1: 1 soil/liquid (1 part air-dried soil: 1 part liquid treatment). A moisture content
of 1 bar was determined by the pressure plate procedure and the appropriate amount of
liquid treatment was added. Since the treatments were established on a moisture content
basis, unequal P additions were added due to the differences in P concentration of the
wastes. One-bar moisture contents correspond to 0.12, 0.16, and 0.17 g water g SOU-I for
the Dennis, Bethany, and Richfield soils, respectively.
One hundred grams of soil and the appropriate volume of water/effluent/sludge
(based on moisture content) were incubated in 250 mL Erlenmeyer flasks for a period of
35 days. The flasks were sealed with a rubber stopper and mixed twice a week to ensure
proper contact of the soil with the liquid treatment. The samples were stored in a dark
container to simulate subsurface conditions under a lagoon. The incubations were an
held at constant room temperature. After the 35 day incubation period, the samples were
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stored in a refrigerator until the P extraction commenced. AU samples were air-dried
prior to the fractionation process; therefore, the anaerobic soil incubations were oxidi.zed
before sample analysis.. Photographs of the incubation bottles foHowing the swine
effluent or sludge additions are provided in Figure 1-2.
Inorganic P Fractionation/or Noncalcareous Soils
The procedure for noncalcareous P fractionation as outlined by Kuo (1996) was
utilized. The extraction method has been modified several times from the original
fractionation scheme presented by Chang and Jackson (1957). A graphical representation
of the scheme is demonstrated on Figure 1a.
The procedure began by weighing a 1.0 g soi] samp~e, dry weight, into a 250 mL
centrifuge tube foHowed by the addition of 50 mL 1 MNH4C~ that was shaken for 30
minutes to extract the soluble and loosely bound phosphorus (LB/S-P). The soil and
NH4Cl was centrifuged and the supernatant was transferred to a 50 mL volumetric flask,
which was brought to volume. A 0.5 MNH4F (pH 8.2) solution was added to the residue
and foHowed by a 1 hour shaking period to extract the aluminum phosphate fraction (Al-
P). At 1 hour, the sample was centrifuged with the supernatant decanted into a 100 mL
volumetric flask, the residue was washed twice with 25 mL portions of saturated NaCl.
The washings and the extract were combined in the same volumetric flask and brought to
volume. The next extractant of 50 mL of 0.1 MNaOH was then added to the residue and
shaken for 17 hours to extract the iron phosphate (Fe-P) fraction. The residue was
centrifuged, decanted into a 100 mL volumetric flask, and washed twice with 25 mL of
saturated NaCl. Next, 40 mL of 0.3 MNaJC6Hs07 and 5.0 mL of 1 MNaHCOJ were
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added to the residue and the suspension was heated in a water bath at 85°C. Once the
suspension reached 85°C, 1.0 g of sodium dithionate, Na2SZ04, was added and stirred
rapidly to extract the reductant-soluble phosphorus (RS-P). The solution was allowed to
heat for 15 minutes, then centrifuged. The supernatant was poured into a 100 mL
volumetric and the residue was washed with saturated NaCl. The
Na3C6Hs07\NaHC03\NazS204 solution was exposed to air to allow the NaZS204 to
oxidize. Finally, 50 mL of 0.25 M H2S04 was added to the residue and shaken for 1
hour. The suspension was centrifuged for 10 minutes and transferred to a 100 mL
volumetric flask. The residue was washed twice with 25 mL portions of saturated NaCI
and combined with the fhS04 extract to determine the calcium phosphate fraction (Ca-P).
To determine phosphoms content in all fractions, extracts were analyzed using the
colorimetric molybdenum-blue method ofMurphy and Riley (1962).
Inorganic P Fractionation/or Calcareous Soils
The procedure for calcareous P fractionation is outlined by Kuo (1996). This is
an extraction method that has been modified several times from the original fractionation
scheme presented by Chang and Jackson (1957). A modification to the scheme was
made for the experimentation of this project. No current method provides a LB/S-P
extraction for calcareous soils. Therefore, 810.01 M CaCb extraction was added for the
extraction of the LB/S-P fraction. A dilute CaCh solution is commonly used to
determine available P in alkaline soils (Pierzynski, 1998). The complete method is
summarized graphically on Figure 1b.
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One gram of soil sample (dry weight) and 20 mL of 0.01 MCaCh was added to a
centrifuge tube for a 24 hour shake time. The sample was Then centrifuged at 6000 rpm
for 10 minutes and filtered through a Whatman No. 42 filter paper to extract the LB/S-P.
Then 50 mL of 0.1 MNaOH + 1 MNaCI were added followed by a i 7 hour shake time to
extract the AI-P and the Fe-P fractions simultaneously. After centrifuged and decanted
into a 100 mL volumetric flask, the residue was washed twice with 25 mL portions of 1
MNaCl. The washings and the extract were combined in the same volumetric flask and
brought to volume. Next, 40 mL of 0.3 MNa3C6Hs07 and 5 mL of 1 MNaI-IC03 were
added to the residue and the suspension was heated in a water bath at 85<>C. Once the
suspension reached 85°C, 1.0 g of sodium dithionate was added and stirred rapidly to
extract the RS-P. The solution was allowed to heat for 15 minutes and then centrifuged.
The supernatant was poured into a 100 mL volumetric and the residue was washed I M
NaCl. The Na3C6Hs07\NaHC03\Na2S204 solution was exposed to air to allow the
Na2S204 to oxidize. Finally, 50 mL of 0.5 MHCI was added to the residue and shaken
for 1 hour. The suspension was centrifuged for 10 minutes and transferred to a 100 mL
volumetric flask. The residue was washed twice with 25 mL portions of saturated NaCI
and combined with the HG extract to determine the Ca-P. As with the non-calcareous
soi[, all extracts were analyzed using the Murphy and Riley (1962) ascorbic acid method.
Total P Determination
U.S. EPA Method 200.7 was performed on the soils, effluents, and sludge
samples for total P determination (Smoley, 1992). Total P was measured to determine
the amount of inorganic and organic P in the swine waste and to establish a baseline P
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concentration for the soils. The extraction and analysis was: 1.0 g of soil or sludge
material is weighed into a beaker and 4 mL of 1: 1 nitric acid and 10 mL of 1:4
hydrochloric acid were added to the sample. The beaker was heated on a hot plate to
approximately 85°C and refluxed for 30 minutes. After cooling, the solution was
quantitatively transferred to a 100 mL volumetric flask and diluted with DI water to
volume.. The extract is analyzed for P by ICPemission spectrometer.
Mehlich III Extractable P
To determine plant available P for each soil treatment, MehHch III extractable P
was measured for all soil incubations. The extraction process consisted of using 2.0 g
soil (dry weight) and 20 mL of Mehlich III extractant. The solution is mixed for a 30
minute shake time. The Mehlich III solution was composed ofO.2MCH)COOH, 0.25M
NH4NO), 0.OI5MNH4F, 0.OI3MHNO), and 0.00 1M EDTA. The soils were
immediately filtered through a Whatman I-filter and analyzed using the Murphy and
Riley (1962) colorimetric determination on spectrophotometer at 880 nm.
Soil Physical and Chemical Properties
Soil texture and percent clay were determined for the three soils and particle size
distribution was conducted using the bouyoucos hydrometer method (Klute, 1986). Soil
carbonates were measured on the soils using the aoetic acid dissolution method, which is
a titration procedure where a standard curve is established with fine-grained reference
calcite. Soil pH was measured by a 1:2 soil water solution and soil CEC was determined
for acid/neutral soils by a BaCh extraction and the Palemio and Rhodes method for the
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calcareous soil. Finally, P sorption maximas were measured for the three soils using the
Langmuir adsorption isotherm method. A 25 mL standard P solution is added to 1.0 g
soil in a centrifuge tube. A 0.0, 0.2, 0.5, 1.0, 5.0, 10.0, 15.0, and 20.0 ppm P standard
was utilized for this method. Soils were shaken for 24 hours, centrifuged at 10,000 rpm
for 10 min. and measured on the spectrophotometer using the Murphy and Riley (1962)
method. Measured values for the physical and chemical properties of the soil and swine
effluent/sludge are provided in Tables 1 and 2.
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RESULTS AND DISCUSSION
Total Phosphorus ofSoils and Swine Effluents/Sludge
The total phosphorus (TP) contents for the three soil series and the three lagoon
waste layers are displayed on Tables 1 and 2. The Dennis loam averaged 157 mg P kg-I
soil ofTP, while the Bethany silt loam had a mean TP content of 346 mg P kg- l soil and
the Richfield clay loam of261 mg P kg-1 soil. The P measured for the Bethany and
Richfield soils were noticeably higher than the Dennis, likely because these samples were
obtained from fertility research plots. The mean TP for the 0-2 ft. depth effluent, the 8-
10 ft. depth effluent, and the swine sludge were 72.3, 68.3, and 2969 mg P L- 1 waste,
respectively. The effluent values are similar to reported P concentrations cOlmnonly
found in Oklahoma of 1.2-1.3 Ibs P20SII 000 gallons of effluent, equivalent to 63-68 mg
P L-1 effluent (Zhang and Hamilton, 1996). Two different lagoon effluent layers were
utilized to evaluate ifdifferences in chemical composition would alter the P sorption;
however, throughout all the analysis performed, the two effluent layers effected the
mineral fractions almost identically. The sludge contained higher concentrations of P due
to the increased solid portion by which the P is bound chiefly in organic solids. The
sludge was composed of approximately 10% solids and the effluents averaged 0.5-0.7%
solids.
Soil Phosphorus fractionation
The mean P fractionation concentration for time zero and 35 day incubated soils
are recorded on Figure 2 through Figure 7, while the compiled laboratory data is provided
in Tab]es I-I through Table 1-7. An increase in P fraction concentrations was observed
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with the addition of the swine wastes (with the exception of the RS-P fraction). In
particular, the sludge incubations increased the LB/S-P, AI-P, Fe-P, and Ca-P
considerably when compared to the effluent treated soils. These treatments were
established on a moisture content basis; therefore, the soils receiving the swine sludge
demonstrated increases in P fractivns because more P was added to the soils in
comparison to theeffiuent treatments.
The LB/S-P concentrations decreased at the 35 day incubation time for all
unsaturated and saturated soils with the exception of the Bethany and Dennis unsaturated
control treatments. The saturated Dennis soils treated with 0-2 ft. and 8-10 ft. depth
lagoon effluent exhibited a decrease of the LB/S-P to undetectable levels (Figures 2a -d).
The LB/S-P concentrations were initially 58.5 and 57.5 mg P kg-I soil for the 0-2 and 8-
lOft. depth effluents respectively. However, following the 35 day incubation the LB/S-P
was below the detection limit. The Fe-P and AI-P fractions displayed a significant
increase, with little alteration of the CaMp pool (0.= 0.05). A similar result was found by
Nziguheba et aL (1998), where a decrease in labile P (resin extractable P) was measured
in an acid soil over the period of several weeks after the addition of triple super
phosphate and organic P sources. Yuan et a1. (1960) investigated fOTIns of newly fixed P
after an incubation of three acid soils with the addition of various P concentrations.
Utilizing the Chang and Jackson fractionation method, over 80% of the added P was
retained as AI-P and Fe-P. The sorption ofP into Fe-P and AI-P minerals pools (either by
precipitation of iron/aluminum phosphates or chemisorption with iron/aluminum oxides)
is typical for most acid soils at a pH of 5.5 and below (Sharpley, 1999).
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The saturated and! unsaturated Bethany silt loam demonstrated a behavior similar
to that of the Dennis soils. For the saturated incubations, the LB/S-P decreased
significantly for the effluent treated soils and the P was distributed predominantly into the
Fe-P fraction. However, the concentrations following the incubation period were 8tiH
detectable unlike those of the saturated effluent Dennis soils. At time zero, LBIS-P
concentrations of93.8 and 93.0 mg P kg') soil were measured for the 0-2 ft. effluent and
the 8-10 ft. depth effluent treatments respeQtively. After the incubation period the LB/S-
P fell to 24.8 and 16.6 mg P kg't soil (Figures 4b and 4c). A possible explanation for the
differences in the LB/S-Pconcentrations between the Dennis and Bethany LB/S-P
concentrations is the Bethany soil's higher total P concentration and lower sorption
maxima (Table I), which suggests a greater P saturation when compared to the lower
total P and higher Langmuir sorption maxima of the Dennis loam. Similar results were
found by Indiati et at. (1995) in a three month incubation with three Italian soils. As P
additions and P contents increased, available P increased dramatically for the soils
possessing a lower sorption capacity.
The calcareous Richfield day loam soil exhibited a decline in LB/S-P after the 35
day incubation. For the saturated two effluent treatments and the sludge treatment, the
initial concentrations of the LBIS-P fraction were 45.5, 48.9, and 240.9 mg P kg'l soil,
respectively. The concentrations decreased to 0.9, 0.3, and 29.1 mg P kg'l soil after 35
days as in illustrated Figures 6b-d. There was also a significant increase in the Fe+AI-P
fraction as a result of the P in the swine wastes for the soils. The unsaturated treatments
reflected a similar trend as the saturated Richfield soils by a reduction of LB/S-P and an
increase of the Fe+AI-P fraction. The Richfield contained more P in the Ca-P pool than
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any other frac~ionwhich is similar to other calcareous soils (Chang and Jackson, 1958;
Williams et aI., 1971; Hedley et aI., 1982; Sharpley and Smith, 1985).
Shifts in P for the unstaturated and saturated conditions were also of interest for
this study. These conditions would occur as lagoon leve~s rise and fall or as sub-surface
irrigation systems are turned on or off. A comparison of how P sorption differed between
the saturated and unsaturated treatments is documented on Table 3. The percentages
represent the amount of each individual fraction from the summation of all extracted
fractions. When comparing the two moisture conten~s within each P fraction of the
individual soils, the LB/S-P exhibited large percentage changes in the Dennis and
Bethany soils that were significant at the a= 0.05 probability level. Under saturated
conditions, less LB/S-P was measured for aU control and effluent treated soils while more
LB/S-P was detected for the unsaturated soils. The Dennis soil displayed the greatest
decrease in LB/S-P for the saturated treatments with declines ranging between 15.1-
35.9% (Table 3). This is similar to a field experiment investigated by Khalid et al. (1977)
in which 14 of 20 Louisiana soils studied sorbed more available P under saturated
conditions than unsaturated conditions. Khalid et at (1977) concluded that a greater
surface area generated by the transformation of ferric soil minerals to more reactive
ferrous minerals may be responsible for the greater P sorption. The Richfield displayed
relatively no difference in the lB/S-P fraction ratio under saturated and unsaturated
conditions (Table 3). The low to negligible concentrations ofLB/S-P before and after the
35 day incubation suggests that the P was sorbed into stable mineral pools (Fe+Al-P and
Ca-P), thus reducing the environmental impact potential in the case of a lagoon failure.
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For all soi~s, the Al-P and/or the Fe-P fractions were significantly different for the
saturated and unsaturated moisture contents. The AI-P and Fe-P fractions presented the
greatest percentage change of the five measured fractions when evaluating the differences
in P partitioning between the saturated and unsaturated soils. For instance, the Fe-P
fraction for the Dennis loam was substantially altered when the soil was saturated. With
Fe-P percentages of 38.2%, 46.0%, and 38.1% ofthe extracted P for the unsaturated
control, 0-2, and 8-10 ft. effluent treatments; the p'ercentages rose to 69.2%, 66.9%, and
71.4% for the saturated treatments, respectively (Table 3). This demonstrates that when
higher P concentrations are added in saturated conditions, soils containing Fe and Al
mineral pools could sorb large amounts ofP from solution. This is consistent with Amer
et aL (1991) who observed that P sorption capacity of saturated soils increased with time
of submergence and was highly correlated with the presence of iron minerals. Sah and
Mikke]sen (1986) also found a similar outcome in an incubation study of three flooded
soils. Of the P added to the soils, most was recovered in the AI-P and Fe-P fractions,
which indicated that Fe and Al mineral sinks were the most reactive soil components of
P.
For the majority of the Dennis, Bethany, and Richfield soils, the Ca-P pool was
also significantly different for the saturated and unsaturated moistur,econtents. The Ca-P
percentages for the saturated soils were significantly lower than the unsaturated soils
(Table 3). In particular, the calcar,eous Richfield clay loam exhibited the greatest
difference in Ca-P between the moisture contents with 15.5%, 1750/0, and 14.6% less for
the saturated 0-2, 8-10 ft., and sludge treated soils, respectively. This decrease in Ca-P
has not been previously reported, it could be a dissolution of Ca-P minerals during the
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flooding process with a decrease in system pH. In the conditions ea minieral dissolution
wouLd be affected by pH and the pC02 in the system. Another explanation could be
attributed to the greater sorption ability of the Fe-P and AI-P fractions in comparison to
the Ca-P. In the case of the saturated soils where more P was added! to the soils than the
unsaturated soils, this effect could be observed more noticeably. Previous work clearly
demonstrates that Fe and AJ mineral pools are the major source ofP sorption capacity in
most soils (Sparks, 1995; Sposito, 1989).
When comparing the individual P fraction percentages among the different swine
waste treatments, often tbe control and effluent treated soils are significantly different
than the fraction percentages of the sludge treated soils. In Table 4, note that the sludge
incubated soils were statistically different (a= 0.05) than the three other treatments, with
the exception of the Bethany unsaturated soil. As stated previously, the LB/S-P fraction
appears to be the fraction most greatly affected by the sludge addition by substantially
increa~ing this labile and potentially mobile pool. Furthermore, with a large increase in
the LB/S-P fraction percentage, the other P fraction percentages decrease with the Fe-P
displaying the most significant decline within the noncalcareolls soils. A reason for this
consistent decrease in the Fe-P pool cannot be detennined.
As more P is supplied in the calcareous Richfield soil, the Ca-P fraction decreases
markedly. The saturated Richfield control contained a Ca-P extractable P percentage of
91.3%; however, the Ca-P pool decreased to 72.5%, 70.2%, and 55.7% for the 0-2 ft.
effluent, 8-10 ft. effluent, and sludge treatments (Table 4). The majority of the P appears
to be distributed into the Fe+AI-P fraction with a statistically significant increase in the
LB/S-P fraction as well.
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Environmental Implications
The results of this incubation study can be applicable in the circumstance of a
subsurface lagoon failure. The seeping waste would create a wetting front where a
saturated moisture condition would be present. Behind the wetting front would be an
unsaturated moisture condition. Downward movement of the waste would be facilitated
by the presence of a hydraulic head from the above lagoon effluent. Under saturated and
unsaturated conditions all three soils demonstrated the ability to significantly reduce the
concentration ofLB/S-P over the 35 day period and distribute the added P into stable Al-
P, Fe-P, and Ca-P fractions (Figure 2 through Figure 7). The zero time incubations also
showed the capacity to quickly sorb the swine waste P into mineral pools beside the
LB/S-P. For instance, Figme 4 shows a marked increase in AI-P and Fe-P fractions for
the Bethany soil and each swine waste source. The AI-P fraction of the Bethany
displayed the most significant increase with a control concentration of 93.0 mg P kg-I soil
and subsequent concentrations of 149.2, 150.0, and 460.7 mg P kg-I soil for the 0-2 ft., 8-
lOft. effluent, and sludge treated soils.
As stated earlier, a difference in P distribution was observed for the saturated and
unsaturated soils. Substantially greater concentrations ofLB/S-P were detected for the
unsaturated effluent soils than the saturated effluent soils for the Dennis and Bethany.
The larger concentrations in potentially mobile LB/S-P in an unsaturated soil could pose
a threat to groundwater quality. However, the concern is inconsequential due to observed
ability of the saturated soils to sorb large amounts of soluble P (saturated conditions
would be present if the waste leached to the groundwater table). The saturated and
unsaturated soils distributed the manure P chiefly into the stable and irrunobile Fe-P and
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AI-P fractions. In areas where swine facilities are located near P sensitive waterbodies,
the presences of soils rich in Fe and Al mineral sinks would be most suitable to underlie
waste lagoons.
The sludge treated soils all exhibited much larger fraction concentrations than the
0-2 and 8-10 ft. effluent treated soils. Though the concentrations are very high, the risk
of the LB/S-P to groundwater quality is minimal. Past studies have proven that a
structural failure near the bottom of the lagoon would essentially repair itself by plugging
the crack or rip of the lagoon bed with the organic solids in the sludge (Barrington, 1985;
Ritter et aI., 1984). The elevated concentrations of LB/S-P would be localized with little
threat of downward movement due to the self-sealing of the lagoon.
Agricultural Implications
From an agricultural production perspective, the unsaturated treatments would
represent an application equivalent to 1.1 to 1.4 acre-inches of the swine waste (assuming
an acre-furrow slice weighs 2.0x 108 ]bs). From the results, the unsaturated sludge
treatments would add sufficient amounts ofLB/S-P to soils that would be immediately
available for growing crops. The swine effluent treatments altered the LB/S-P
concentrations of the three soils slightly and would required continuous appl1cations to
supply crops with adequate concentrations ofLB/S-P. Although most applied P is sorbed
into mineral fractions that are nonlabile, as the AI-P, Fe-P, and Ca-P fractions increase so
the LB/S-P will increase as well. Figures 881 and 8b demonstrate the relationship between
total sorbed P and LB/S-P fractions. The linear regression plots display a trend of
increasing LB/S-P with an increase in AI, Fe, and Ca-P pools for both the 35 day and the
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zero incubation time (R2= 0.68 for the 35 day and an R2= 0.65 for time zero treatments).
The differences in slope coefficients of the two linear equations are due to the increased
sorption of P after the 35 clJay incubation. With a slope of 2.11 for the 35 day and 0.98 for
the time zero, more than a two-fold increase in P sorption occurred after the incubation
period. The observed positive relationship between the LB/S-P and AI, Fe, and Ca-P
pools is likely due to the saturation of these fractions; therefore, as the inorganic P sinks
begin to saturate, more labile P will be available for plant uptake.
MeWich III extractable P was measured for all soils to measure the plant available
P. The Mehlich III extractable P (M3-P) concentrations followed the same trend as the
fractionation extractions. Table 4 and Table 5 demonstrate how the soils treated with the
effluents and sludge increased in M3-P when compared to the controls. Also, over the
incubation period the extractable P decreased for all treatments except for two control
soils. More M3-P was measured for the saturated and unsaturated Bethany soil
treatments than the Dennis and Richfield soils. This observation coincides with the trend
found for the fractionation extraction where more P was detected from the summation of
the LB/S-P, the AI-P, Fe-P, RS P, and the Ca-P. For example on Figure 2 through Figure
7, greater concentrations of total extractable P, the summation of all fractions, were
measured for the Bethany soils. Although the control P concentrations were nearly twice
of that found for the other two control soils, the total extractable P was two to three times
of that extracted in the Dennis or Richfield.
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CONCLUSIONS
The sorption of swine waste P by soils can differ depending on soil properties
(soil pH, adsorption potential, texture, etc.), moisture content, and residence time of
applied P. AU three soils used in the project demonstrated the potential to sorb high
concentrations of P which was distributed into chemically stable fractions like AI-P, Fe-
P, and Ca-P. After a 35 day incubation time, the LB/S-P pool decreased for all saturated
and unsaturated soils treated with swine effluent and sludge. The unsaturated soils
actuaHy possessed more LB/S-P than the saturated soils following the incubation. despite
the fact that the saturated soils received more than four times the added P than the
unsaturated.
Although phosphorus fractionation methods are not extremely precise, the
methods are helpful in examining what mineral pools are affected by the addition of P.
Consistently throughout the project, the AI-P and/or the Fe-P fractions significantly
increased after the incubation for nearly every soil treated with the swine wastes. Even
the calcareous Richfield soil exhibited this trend. The AI-P and Fe-P pools appear to be
the fractions that contribute the most to a soil's P sorption potential.
As swine production rises in Oklahoma and throughout the United States, waste
management issues dealing with P will become increasingly more important. From a
crop production standpoint, applications of swine sludge would provide a substantial
amount of immediate availabie P to growing piants. Repeated applications of swine
effluent would likely be required to increase LB/S-P soil levels in P deficient soils. In
addition, the soils ability to distribute P into immobile mineral sinks is beneficial in the
circumstance of a lagoon failure. The threat to groundwater quality is minimal when
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soils underlying swine lagoons have the ability to sorb P into the AI-P, Fe-P, and Ca-P
pools. The calcareous Richfield soil displayed the ability to sorb virtually all LB/S-P into
stable mineral pools (Fe+AI-P and Ca-P) under saturated and unsaturated conditions, thus
reducing the environmental impact potential in the case of a lagoon failure. The
Richfield and other similar calcareous soils exist throughout the Oklahoma Panhandle;
therefore, the risk of P leaching into deep groundwater formations in this region is highly
unlikely.
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-Table 1. Selected physical and chemical properties for the Dennis, Bethany, and
Richfield soils.
Soil Texturea Clay pHb CECc
CaC03 Total pC
P sorption
d f
equiv. max
% cmolckg-1 mg kg'l k ,Img g
Dennis loam 25 5.7 10.4 0.1 157 238
Bethany silt loam 20 7.2 14.8 0.7 346 209
Richfield clay loam 45 8.2 33.5 6.8 261 183
a texture determined using bouyoucos hydrometer method
b pH determined using 1:2 soil water solution
c BaClz extraction for acidJneutral soil; Palemio and Rhodes method for calcareous soil
d acetic acid dissolution method
e EPA Method 200.7 using HN03IHCl digestion
f Pmax determined from Langmuir adsorption isotherm
Table 2. Total P and pH for the 0-2 ft. effluent, 8-10 ft.
depth lagoon effluent, and swine sludge.
Swine Waste Source Total pa pHb
mg kg-1
0-2 ft. effluent 72.33 6.8
8-10 ft. effluent 68.33 6.7
Sludge 2969 6.9
a EPA Method 200.7 using HN03IHCl digestion
b pH determined using 1:2 soil water solution
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Table 3. Changes in phosphorus fractions extracted for saturated and unsaturated soils
treated with each swine waste source after 35 day incubation. t
Treatment Loosely Bound! AI-P Fe-P ReductantSoluble P Soluble P
CaMp
----------% of P extracted from the sum ofall fractions---------
Dennis control, uosat. 3l.5%a 21.2%a 38.2%a O.O%a 9.1%a
control, sat. O.O%b 25.3%8 69.2%b O.O%a 5.4%b
0-2 ft. effluent, unsal. 15.1%a 35.6%a 46.0%a O.O%a 8.4%a
0-2 ft effluent, sat. O.O%b 28.9%a 66.9%b O.O%a 4.2%b
8-10 ft. effluent, unsat. 35.9%a 26.0%a 38.1%a O.O%a 8.7%a
8-10 ft. effluent, sat. O.O%b 23.9%a 7I.4%b O.O%a 4.7%b
III
sludge, unsat. 24,3%a 45.7%a 25.9%a O..O%a 4.I%a
sludge, sat. 34.7%b 37.5%a 24.4%a O.O%a 3.3%3
i
Bethany control, unsat. 21.2%a 37.3%a 16.3%a O.O%a 25.2%a
control, sat. 3.2%b 41.8%a 26.4%b O.O%a 28.6%a :;:,
'-.Ii
'I
0-2 ft. effluent, unsal. 19.3%a 35.9%a 18.0%a O.O%a 26.8%a ::h.
0-2 ft. effluent, sat. 7.5%b 45J%b 25.7%b
'1'--
O.O%a 21.7%a :::i
:::: .
8-] 0 ft. effluent, unsat. 19.3%a 37.4%a 17.2%a O.O%a 26.1%a .::)
8-10 ft. effluent, sat. 4.8%b 49.6%b 26.6%b O.O%a 19.0%b :':l:::~
"',",
sludge, unsat. 23.8%a 50.7%a 12.2%a O.O%a 1.3.3%a
.......
::5
sludge, sat. 45.4%b 37.9%b 1O.7%a O.O%a 6.0%b ....,
: Ii)
;~iS
Soil Loosely Bound/ AI+Fe-P Reductant Ca-P
Series
Treatment Soluble P Soluble P
----------% of P extracted from the sum of all fractions----------
Richfield control, unsat. O.O%a 6.7%a O.O%a 93.3%a
control, sat. O.O%a 8.7%b O.O%a 91.3%b
0-2 ft. effluent, nosat. O.O%a 11.9%a O.O%a 88.0%a
0-2 ft. effluent, sat. 1.5%b 27.4%b a.O%a n.5%b I
8-10 ft. effluent, ul1sat. O.4%a 11.9%a O.O%a 87.7%a
8-10 ft. effluent, sat. 0.2%a 29.6%b O.O%a 70.2%b
sludge, unsat. 6.1%a 23.6%a O.O%a 70.3%a
sludge, sat. 5.2%a 39.0%b O.O%a 55.7%b
t Within each soil treatment having unsaturated and saturated moisture contents, the P fraction percentages displaying the same letter are not
significantly different (P < O.05}as determined by analysis orvariance.
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-Table 4. Comparison ofphosphorus fractions extracted among the different swine waste
treatments for the 35 day incubations. t
I(Nonealcareous P Fraetionation Procedure
Soil
Treatment Loosely Bound! AI-P Fe-P Reductant Ca-PSeries Soluble P Soluble P
----------% of P extracted from the sum of all fractions----------
Dennis control, unsat. 31.5%a 21.2%a 38.2%a O.O%a 9.I%a
0-2 ft. effluent, unsat. t5.l%b 35.6%b 46.0%b O.O%a 8.4%a
8-10 ft. effluent, unsat 35.9%a 26.0%a 38.I%a O.O%a 8.7%a
sludge, unsat. 24.3%c 45.7%c 25.9%c O.O%a 4.1%b
,
control, sat. O.O%a 25.3%ab 69.2%a O.O%a S.4%a
0-2 ft. effluent, sat. O.O%a 28.9%b 66.9%a O.O%a 4.2%ab
8-10 ft. effluent, sat. O.O%a 23.9%a 71.4%a O.O%a 4.7%a
sludge, sat. 34.7%b 37.S%c 24.4%b O.O%a 3.3%b
Bethany control, unsat. 21.2%a 37.3%a 16.3%a O.O%a 2S.2%a
0-2 ft. effluent, unsat. 19.3%a 35.9%a 18.0%a O.O%a 26.8%a
8-10 ft. effluent, unsat 19.3%a 37.4%a 17.2%a O.O%a 26.1%a
sludge, unsat. 23.8%a SO.7%b 12.2%b O.O%a 13.3%b
control, sat. 3.2%a 41.8%a 26.4%a O.O%a 28.6%a
0-2 [t. effluent, sat. 7.5%a 45.1%a 25.7%a O.O%a 21.7%b
8-10 ft. effluent, sat. 4.8%a 49.6%b 26.6%a O.O%a 19.0%b
sludge, sat. 45.4%b 37.9%c 10.7%b O.OQ/oa G.O%c
I"" ':' ~~'" .~\ -'" -'w :.f, '" . ,'I ""' .....,. <lI ....
Cal'Cllllequs P Flfaetio"ation Proeedul1e , "iIjI
"
Soil Treatment Loosely Bound/ Al+Fe-P Reductant Ca-PSeries Soluble P Soluble P
----------% of P extracted from the sum of all fractions----------
Richfield control, unsat. O.O%a 6.7%a O.O%a 93.3%a
0-2 ft. effluent, unsat. O.O%a 11.9%b O.O%a 88.0%a
8-10 ft. effluent, unsa! O.4%b 11.9%b O.O%a 87.7%a
sludge, unsat. 6.1%c 23.6%c O.O%a 70.3%b
control, sat. O.O%a 8.7%a O.O%a 91.3%a
0-2 ft. effluent, sat. 1.5%b 27.4%b O.O%a n.5%b
8-10 ft. effluent, sat. O.2%a 29.6%b O.O%a 70.2%b
sludge, sat. 5.20/0c 39.0%c O.O%a 55.7%c
t Within each P fraction, the fulction percenlages displaying the same leller are not significantly different (P < 0.05) as
determined by analysis of variance.
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-Table 5.
Soil
Series
Mean Mehlich In ,extractable P concentrations (mg P kg soir l )
of unsaturated incubations treated with each swine waste type
Soil Time Zero 35 Day
pH
Delillis 5.7 control
0-2 ft. depth effluent
8-10 ft. depth effluent
sludge
5.7a
13.1a
12.0a
261.7a
5.0a
&.5b
&.Ob
200.0b
Bethany 7.2 control 111.7a I 14.7a
0-2 ft. depth effluent 133.3a 121.3a
8-10 ft. depth effluent 136.0a 126.3a
sludge 529.0a 3&2.3b
Richfield 8.2 control 16.0a 17.5a
0-2 ft. depth effluent 32.0a 28.5a
8-10 ft. depth effluent 32.3a 27.7a
sludge 419.0a 376.5b
t Within each treatment, the P concentration displaying the same letter are not
significantly different (P < 0.05) as determined by analysis of variance.
Table 6.
Soil
Series
Mean Mehlich III extractable P concentrations (mg P kg SOil'l)
of saturated incubations treated with each swine waste type
Soil Time Zero 35 Day
pH
)
"')3=
...
-
Dennis
Bethany
5.7
7.2
control
0-2 ft. depth effluent
8-10 ft. depth effluent
sludge
control
0-2 ft. depth effluent
8-10 ft. depth effluent
sludge
4.5a
22.7a
21.7a
1225.3a
110.3a
192.3a
194.0a
1684.0a
3.0a
11.0b
8.0b
856.0b
101.3a
173.7b
151.0b
1265.7b
Richfield 8.2 control 17.3a 19.0a
0-2 ft. depth effluent 85.0a 5&.Ob
8-10 f1. depth effluent 87.3a 72.3b
sludge 1638.0a 1490.7b
t Within each treatment, the P concentration displaying the same letter are not
significantly different (P < 0.05) as determined by analysis of variance.
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a. Phosphorus Fractionation for Noncalcareous Soils
[_-_--_---_-_--_--_--_--__C_a_lc_iu_m_P _
b. Phosphorus Fractionation for Calcareous Soils
Soil +0.1 MCaCI2
I
- - ----- ---------
0.3 M Na3CeHs07 NaHC03 Na2S204 +Residue
-
,---------
0.5 MHel +Residue
Calcium P
Figures la-b. Inorganic phosphorus fractionation schemes for noncalcareous and
calcareous soils.
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t Within each waste source, the P concentration of each fraction pool displayll1g thc same 'letter are nol
significantly differenl (P < 0.05).
Figures 2a,b,c,d. P fraction concentration changes for saturated DelU1is incubations.
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t Within each waste source, tbe P concentration of each fraction pool displaying the same letter are not
significantly different (P < O.05).
Figures 3a,b,c,d. P fraction concentration changes for unsaturated Dennis incubations. t
47
400 40U
350 - 350·· --- -
"'7l).l) 300· 300
..:..:
CIl
e 250 - _._- -- 250
= 76.Jb
.2 57.Oa.... 200 - 200<IS
..
....
C 37.48~ 150 70.9b 150C) -
=0
U 100~
50
o
4b. 0-2 ft. Effluent
TIME ZERO
4a. Control
35 DAY
CCa-P
TIME ZERO 35DAY
o Reduclanl P
o Fe-P
_AI-P
: _ Soluble/Loosely BOlffid P
400 1600
350 1400
75.Oa
.-..
"'7l).l) JOO 62.6• 1200·
.::c:
l).l) 53.7.
S 250 1000·
-c
.2
.... 200 800ll'l
...
....
C
~ 150 600C)
C
Q
U 100 400
=-
50 200
0 0
TIME ZERO 35DAY TIME ZERO 35 DAY
4c. 8-10 ft. Effluent 4d. Sludge
t Within each waste source, the P concentration of each fraction pool displaying the same teller arc nOl
significantly different (P < 0.05).
Figures 4a,b,c,d. P fraction concentration changes for saturated Bethany incubations. t
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t Within each waste source, the P concentration of each fraction pool displaying the same leiter are not
significantly different (P < 0.05).
Figures 5a,b,c,d. P fraction concentration changes for unsaturated Bethany incubations. t
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I Within each waste source, the P concentration of each fraction pool displaying the same letter are not
significantly different (P < 0.05).
Figures 6a,b,.c,d. P fraction concentration chcmges for saturated Richfield incubations. t
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t Within each waste source, the P concentrdtion of each fractiol1 pool displayi.ng the same letter are 110t
significantly different (P < 0.05).
Figures 7a,b,c,d_ P fraction concentration changes for unsaturated Richfield incubations. t
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52
CHAPTER III
PHOSPHORUS MOBILITY IN SOILS FROM LEACHING
OF SWINE LAGOON WASTE
ABSTRACT
Leaching potential of swine waste phosphorus (P) in soils was investigated using
column leaching tests and batch adsorption experiments. Eight Oklahoma soils
possessing a range of chemical and physical properties were used in the experimentation.
Batch adsorption tests were prepared using inorganic P concentrations ranging from 0-20
mg L-1. From linear Langmuir adsorption isothenns, distribution coefficients and
retardation factors (R) were calculated to predict P mobility. For the leaching colUlml
experiment, swine lagoon waste was leached through disturbed soil columns under a
constant hydraulic gradient. A range of 6 to 7.5 pore volUll1es were leached over a 100
day period with no measurable P in the column effluent for the five finest textured soils.
The columns were destructively sampled following the leaching period. In tlu'ee coarse
textured soils, P breakthrough was measured over a range of6-12 pore volumes. To
verify the results of the column experiment, the transport model WCOLUMN was
utilized with the breakthrough/destructive column data to calculate an R factor for each
soil. In the fme textured soils, the batch isothenns and the leaching columns yielded
similar estimates for R. For the coarse textured sods, the batch isotherms estimated R
factors that were significantly greater than those detennined by the column test fit. Batch
tests generatedR factors of7.5 to 129, while column tests yielded R values [Tom 1.4 to
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109. The sorption ofP in the columns was strongly correlated with ammonium oxalate
extractable aluminum and iron (r2= 0.967). These results are applicable in detennining P
transport through soils underlying swine lagoons and may aid in the selection of sites for
lagoon installation.
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INTRODUCTION
In the past decade, swine production in Oklahoma has increased dramatically.
According to the National Agricultural Statistics Service of the United Stated Department
of Agricultme, the swine industry within Oklahoma has grown from 215,000 total hogs
in 1990 to 2,310,000 hogs in 2000 (National Agricultural Statistics Service, 2001). Most
swine production systems use earthen lagoons for the storage and treatment ofmanure; in
particular, large corporate farms utilize lagoons almost exclusively as a waste
management option. Public concern has arisen about the effectiveness of earthen basins
to store large volumes of liquid manure because of an increasing number of seepage
incidents being reported. In June 2001, concern heightened when the Environmental
Protection Agency directly linked groundwater contamination of a drinking water aquifer
to local swine lagoons located in Kingfisher and Major Counties in central Oklahoma
(Environmental Protection Agency, 2001).
Lagoon size can range from 0.2 hectare to several hectare in surface area
depending on the number ofhogs and amount of waste produced at the facility.
lagoon size increases, the risk of sidewall and/or liner failure rises due to
.:
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mismanagement, poor construction, or from the burrowing of animals. Though most
waste storage and treatment systems work properly, a number of lagoon failures have
been reported where groundwater quality has been impacted. Ciravolo et a1. (1979)
discovered low levels of groundwater contamination due to the rupture of lagoon seals
from the drying of exposed subsoil during a low containment period. Ritter et a1. (198])
found elevated concentrations of chlorides and ammonia in groundwater due to localized
seepage of an anaerobic swine lagoon. Westennan et a1. (1995) investigated groundwater
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impact from two newly-fanned clay lined lagoons underlied by a coarse textured
material. Significant contamination to groundwater was measured 3.5 to 5 years after
lagoon filling as a result of seeping liquid manure. Finally, Withers et a1. (1998) found
significant increases in dissolved P04-, K+, NH/, Na+, cr, S04-, and Escherichia coli in
groundwater due to a dairy lagoon fissure.
Numerous investigators have concluded that most earthen lagoons effectively
"self-seal" from the clogging of soil pores with organic material and/or from microbial
activity (Barrington and Broughton, 1988). However, a prior study conducted by
Perschke and Wright (1998) found that lagoon failures can occur along the sidewall of
the basin within the top three feet of the surface. Lagoon liquid levels fluctuate
significantly in this failure zone, which often creates cracking for preferential flow
pathways. Additionally, fewer organics are located on the sidewall for the clogging of
soil pores as demonstrated in Diagram 1. The diagram is provided below:
Cross-Sectional View of Lagoon
.:
Effluent
I
Sludge
Lllgoon Failure Zone
Diagram 1. Failure zone for earthen lagoons used for swine waste treatment. Designed
by D. Wright based on data from Perschke and Wright (1998)
An elevated nitrate concentration in groundwater is a common indicator lagoon seepage
has occurred. However, phosphates have also been identified to migrate with the effluent
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plume. Mallin et 811. (1997) evaluated a poultry waste lagoon rupture and a swine lagoon
leak in North Carolina during the summer of 1995. High concentrations of
orthophosphate and total P (>11.0 mg L- l measured for both) were discovered in stream
waters several kilometers away from the lagoon sites. Excessive algal bloom, nwnerous
fish and mollusk kills, and high coIiforrn concentrations were Observed in these accidents.
Eight other accidents were recorded in North Carolina throughout the sununer of 1995
where an approximated 4 million liters of waste was discharged from the facilities.
Besides lagoon failures, other circumstances exist where P mobility has been
observed in subsurface environments. Historically, phosphate has been considered an
immobile nutrient due to the tremendous number of mineral sinks for P within soil;
however, soils possess a finite capacity to remove soluble P through chemisorption,
nonspecific adsorption, and precipitation reactions. Documented cases of vertical P
transport have been reported where large amounts of animal waste or fertilizer additions
have resulted in P movement up to several meters below the surface in a range of soil
textures (Chardon et a]" 1997; Eghball et 811., 1996; Lucero, 1995). Particulate-bound P
and dissolved reactive phosphate have also been observed to leach in some soil systems
(Smith et 811., 1998; Beauchemin et aI., 1998). Heekrath et 811. (1995) proposed that P can
leach in forms less susceptible to sorption (organic or colloidal phosphates) but is
measured as dissolved reactive P following extraction and analysis procedures. Under
reduced conditions, the reduction of iron phosphates through microbial respiration can
yield soluble P (de Mello et 811., 1998; Vadas and Sims, 1998). Finally, some work
suggests that P leaching can occur before the total sorption capacity of a soil is reached.
Holford et at (1997) observed after a 12-year period of effluent application, P sorption
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capacity and sorption strength decreased by 40% to a 100 em depth, while the KCI-
extractable P (loosely bound/soluble P) levels increased to the same depth. Holford
concluded that P leaching can occur well before the P sorption capacity of the soil is
depleted.
To predict P movement in soil, several column leaching studies have been
performed focusing on fertilizer, animal waste, and sewage sludge additions to surface
soil (Chardon at al., 1997; Fox and Kamprath, 1971~ Sawhney, 1977; Siddique et al.,
2000). However, little research has been conducted which simulates the leaching of
swine manure P from waste lagoons. In this investigation, the leaching potential of swine
lagoon P will be evaluated for a wide range of soils using leaching colunms and mobility
factors (Ko and R) determined from the columns tests will be compared to linear
equilibrium adsorption modeling. The mobility factors will also be compared to
estimates calculated from batch adsorption experiments. The influence of specific soil
physical and chemical properties in relation to vertical P migration will also be examined.
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MATERIALS AND METHODS
Eight soils representing a wide range ofchemical and physical properties were
selected from different locations in Oklahoma where swine production is prevalent
(Tabl,e II-1). The samples were obtained from the B-horizon of each soil profile.
Subsurface soils were utilized in the experimentation because of the evidence
demonstrating that most effluent leaching occms on the sidewall of waste lagoons.
Following sampling, the soils were air-dried and sieved using a 2 m.m screen. A list of
the soil series along with the classification and selected physical properties is shown in
Table 1. Particle size distribution was determined by the bouyoucos hydrometennethod
and sarurated hydraulic conductivity (Ksat) was measured using the Darcy equation for a
uniform cross-sectional area (Klute, 1986). Chosen chemical properties of the eight
subsurface soils can be found in Table 2. Soil pH was measured by a 1:2 soil water
solution using a glass electrode. Organic carbon (C) and total nitrogen (N) were analyzed
via the dry combustion method. Amorphous iron and aluminum oxide were extracted
using acid ammonium oxalate then analyzed by inductively coupled plasma-atomic
emission spectroscopy (lCP-AES). Water soluble calcium was measured by shaking 1.0
g soil with 25 mL DI water for 30 minutes and analyzing the solution for calcium using
ICP-AES. Finally, total P was measured using U.S. EPA Method 200.7, a
nitric/hydrochloric acid digestion followed by analysis using an ICP-AES.
Phosphorus adsorption isotherms were used to estimate P sorption maximum
(Pmax) and predict P mobility in the soils. The linear Langmuir model was used to
calculate Pmax, distribution coefficients (KJ), and retardation factors (R). KJ and Rare
tenns that predict the rate ofP movement through soil and have been used in a number of
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patst experiments evaluating solute movement (Faust and Mercer, 1980; Prickett et aI.,
1981; Srinivasan and Mercer, 1988). The:KJ is equal to the slope of the linear Langmuir
isothenn and is important in that :KJ gives a relative indication of sorption potential. The
R factor estimates the pore volumes required to attain half of the breakthrough curve and
shown below as Eqn. 1:
R= 1+(Pt/8) * Ki
where R: retardation factor
Pb: soil bulk density
9: soil porosity
Ki: distribution coefficient.
Eqn. (1)
Batch adsorption isothenns were performed using one gram ofsoil sample in 25 mL of
varying concentration P solution (a K2HP04 standard). Solution concentrations of 0.0,
0.5, 1.0, 1.5,2.0,2.5, and 5.0 mg L- 1 P were shaken with the four coarse textured soils in
a 50 mL centrifuge tube. P solution concentrations of 0.0, 1.0, 2.0, 5.0, 10.0, and 20.0
mg L- 1 P were mixed with the fine textured samples. A wider range ofP standards was
used for the fine textured soils because of their ability to sorb greater concentrations of P
in comparison to the coarse soils. After mixing the soil and P standard solution, the tubes
were shaken for 24 hours on an end-to-end shaker at 150 oscillations per minute. The
samples were then centrifuged for 10 minutes at 10,000 rpm and decanted for P analysis.
The Murphy and Riley (1962) colorimetric method was utilized and the amount ofP
adsorbed was determined by the difference between the initial and the final amounts of P
in solution. All soil adsorption isotherms were nm in duplicate treatments.
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The disturbed soil colunm experiments were conducted using acrylic plastic
cylinders 100 em in length and 4.34 em in diameter. Column preparation involved
placing filter paper (Whatman #2) at the bottom of each tube, then a 2 em gravel layer
(acid washed), and then another filter paper on top of the gravel. This step ensures
uniform flow from the bottom of the sample column and inhibits the siltation of the
effluent outlet. The columns were filled to a depth of 20 em with soil and packed to
selected bulk densities (coarse textured soils fJb= 1.50 g em-3; fine textured soils fJb= 1.33
g cm-\ A 400 g weight was placed on top of the packed soil to prevent sidewall
separation due to sod shrink-swen properties. The weights were chosen based on size
(the greatest mass that could fit into the 4.34 em column diameter) and their ability to
distribute pressure evenly across the surface area of the soil column. The swine effluent
delivery system was constructed using three plastic tanks connected to the columns using
1.25 em Tygon tubing. The tanks held approximately 28 L of lagoon effluent each and
were placed above the columns to create a hydraulic head of 1.5 m. The tanks were filled
regularly with effluent to retain a constant hydraulic gradient throughout the experiment.
Columns were randomly placed in racks and covered to prevent algae or other
photosynthetic biological growth.
The leachate from each soil column was captured in polyethylene Nalgene bottles
(acid washed before used) marked with the appropriate pore volume. Every 0.25 pore
volume ofleachate was collected for the coarse textured soils and every 0.5 pore volume
for the fine textured soils. The fine textured soils were run in triplicate due to the
anticipated destructive sampling required because of no P breakthrough, while no
replications were created for the coarse textured soils in which P breakthrough was
61
.
-
expected. After the desired pore vo~umewas collected, the leachate was immediately
analyzed for dissolved reactive P by the Murphy and Riley (1962) colorimetric method.
After the leaching period, destructive sampling occurred by sectioning the columns at
,
five depths (0-1 em, 1-5 em, 5-10 em, 10-19 em, and 19-20 em column depth). Soils
from each depth were air-dried and analyzed for total P by EPA Method 200.7. To
determine P movement through the soil column, the initial total P concentration was
subtracted from the P extracted from the analysis of the sectioned columns (referred to as
effluent residual P). Additionally, all soil columns were analyzed for total N, total C, and
pH were measured for the sectioned column soils. Photographs displaying the leaching
column apparatus and design before and after the swine lagoon effluent experiment began
are provided in the appendix as Figure II-1.
The leaching duration for the coarse and fine textured soils ranged from 22 hours
to 100 days (Table 3). For each soil series, leaching ceased when P breakthrough was
observed or when the 100 day period was completed. Hydraulic conductivity decreased
over the course of the leaching experiment possibly due to organics in the swine effluent
clogging pores in the upper region of the soil columns. The blockage of soil pores hy
bacterial cells and fine organic matter in effluent is well documented in numerous field
studies (DeTar, 1979; Rowsell et aI., 1985, Barrington et a1., 1987).
Swine effluent used in the leaching column experiments was obtained
immediately before the column leaching began from a facultative anaerobic lagoon
located in Stillwater, Oklahoma. Some of the pertinent characteristics of the swine waste
are as follows: pH= 7.94; percent solids = 0.1 %; total N= 0.019%; total C= 0.060%;
dissolved reactive P= 40.1 mg L-1; total P= 70.3 mg C 1•
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Following P analysis on captured leachate and sectioned soil columns, data was
input into the transport model WCOLUMN to compare to the results obtained from the
column experiment. WCOLUMN is a Windows-based computer program for fitting
model parameters to column flow breakthrough curves. The program is a one-
dimensional linear equilibrium adsorption model for pulse injection with fIrst order
decay. WCOLUMN has been validated through work performed by Parker and van
Genuchten (1984) and Budge (1996). For each soil, specific model parameters were
input into WCOLUMN to predict P transport by calculated R factors. Soil porosity,
Darcy flux, effluent P concentration, P dispersion, and duration of leaching period were
parameters required for the model fitting of P breakthrough. A value of one was used for
the P dispersion factor due to the insensitivity of the model for this parameter and the
absence of swine effluent P dispersion data. No additional assumptions or estimates were
used for any other model input data.
WCOLUMN offers two boundary condition options for model fitting, flux out of
the column or resident movement within the column. The ability of the model to estimate
in-column and out-of-column P movement is important due to the variability ofP
sorption capacities in soils. Resident solute movement is applicable for fine textured
soils with high sorption capacities and the flux boundary condition is applied to course
textured soils with lower sorption capacities. In summary, WCOLUMN can validate P
mobility observed in columns with P breakthrough and can estimate a model curve for
columns in which no breakthrough is observed.
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RESULTS AND DISCUSSION
Langmuir Adsorption Isotherms
Linear Langmuir P adsorption isothenns for the eight B-horizon soils are shown
in Figure 1. The soils displayed a wide distribution ofP sorption potentials, which can be
observed from the ranges ofPmax on Table 2_where the batch equilibrium experiment
indicates the Norge clay loam has the greatest ability to sorb P with a Pmax of 147 mg
kg-I. The Eufaula sand, Pratt sand, Dougherty loamy sand, and the Yahola sandy loam
exhibited characteristics of most coarse textured soils by sorbing significantly lower P
concentrations than the finer soils. The Pmax for the coarse soils ranged between 11-72
mg kg- l , in comparison to a 65-147 mg kg- l Pmax range for the finer textured soils. These
results are similar to P isotherm results found by Furman (2000) for twenty-eight
benchmark soils in Oklahoma.
Soil Leaching Column Study
For the leaching column experiment, dissolved reactive P breakthrough was
achieved in three of the eight soils. The Eufaula sand, Pratt sand, and Dougherty loamy
sand demonstrated P breakthrough ranging from 6-12 pore volumes over the course ofa
34 hour, 22 hour, and 21 day leaching period, respectively. Additionally, these three
soils contained the highest sand content of the eight soils used in the study. The
dlssolved reactive P breakthrough data along with the corresponding WCOLUMN model
fit curves are displayed for these coarse textured soils in Figure 2a-c. Notably from the
three graphs, the leachate P approached the 40.1 mg L-1 mean dissolved P concentration
in the swine effluent, but the influent concentration was not attained in the column
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effluent. This observation is typical of most P leaching studies, even after several
hundred pore volumes have been passed through the column (Sawhney, 1977; Siddique
et aI., 2000). WCOLUMN model outputs with corresponding chi-squared values are
provided in Table II-2, Table II-J, and Table II-4.
Dissolved P breakthrough for the four fine textured soils and the sandy loam soil
(Yahola) did not occur over the 100 day leaching duration; therefore, the columns were
destmctively sampled to detelIDine P movement with depth. No dissolved reactive P was
measured in any of the leachate collected from the Port, Norge, DelU1is, or Richfield soil
columns. Swine effluent P was measured in the leachate of the Yahola column, but
complete P breakthrough did not occur within the 100 days (a final dissolved reactive P
concentration of22.1 mg L-1 was measured in the 7.5 pore volume). For the destructively
sampled columns, a range of6-7.5 pore volumes was captured during the 100 day period.
The WCOLUMN model outputs for the five destructively sampled columns are provided
in Table II-5 through Table Il-9.
Figure 3a-e displays the effluent residual P concentration measured for the Port
loam, Norge clay loam, Dennis clay loam, Richfield clay, and Yahola sandy loam at the
0-1 em, 1-5 em, 5-10 em, 10-19 em, and 19-20 em column depth. The graphs also
exhibit the model fit curves calculated from the analytical results. All of the fine textured
soils demonstrated the same general trend of a sharp decrease in P below the top
section(s) of the column. These results are similar to findings by King et a1. (1990) in
which swine lagoon effluent was applied to bermudagrass over an 11 year period. In the
field study, swine lagoon P accumulated near the soil surface and decreased rapidly to a
30-40 cm depth.
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When comparing P movement among the fine textured soils, more effluent
residual P was measured at a greater depth for the calcareous Richfield clay (Figure 3a-
e). From the 5-10 cm column depth, the Richfield contained approximately four times
more effluent residual P (4.15 mg kg'l) than any other fine textured column at that depth
and more than twice the concentration of any other column at the 10-19 em depth. In
spite of the increased P mobility, the Richfield possessed a greater clay percentage than
the Delmis, Norge, or Port (a higher clay content of 7.5%, 7.5%, and 22.5%,
respectively), a high concentration of amorphous iron and aluminum oxide (a sum of
1,742.2 mg kg-I), and a relatively high P sorption potential with a Pmax of 125 mg kg-I. A
possible explanation of the increased P mobility in the Richfield clay could be due to a
greater P saturation. With 424 mg kg-1 total P, the initial total P of the Richfield was
more than twice the concentration than any other soils used in the experiment.
Furthermore, the Norge and the Richfield soils possessed similar amorphous iron and
aluminum oxide concentrations (1,853 and 1,742 mg kg-I, respectively), yet the P
mobility in the Norge colunm was far less in comparison to the Richfield. Similar past
research displaying P saturation in near-surface soil causing increased P mobil ity into
lower portions of the profile has been performed by Holford et aL (1997), Eghball et al.
(1996), and Lucero et al. (1995). Furthermore, the potential for P loss from Dutch soils is
classified by the degree of saturation ofP sorption (Sharpley et aI., 1994).
Swine lagoon P sorption in the fine and coarse textured soil colunms appeared to
be strongly influenced by amorphous iron and aluminum oxide content. Table 2 displays
the wide range of ammonium oxalate extractable iron and aluminum for the eight soils
with concentrations from 102.3-1,005.8 mg kg'l for amorphous iron oxide and 60.4-851.2
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mg kg-I amorphous aluminum oxide. The total P measured in the 0-1 em colmnn section
in relationship to the summation of amorphous iron and aluminum oxide concentration
for each soil is presented in Figure 4. A strong positive linear correlation (r2= 0.9673)
exists between P sorbed and amorphous iron and aluminum oxide content, which reflects
that specific adsorption is a key mechanism in rendering P immobile (McLean and
Bledsoe, 1992). Percent clay content and P sorption maximum also displayed positive
corr~lations with coefficients of r2= 0.775 and r2= 0.680, respectively, provided on Figure
B-2 and II-3. Poor correlations were observed between total P extracted from the 0-1 cm
segment and water soluble calcium or percent organic carbon with r2= 0.132 and r2=
0.3775, respectively.
Soil pH values displayed a wide degree of variability with depth in the sectioned
leaching columns (Figure 5a-b). In the majority of the columns, pH decreased in the 0-1
cm and 1-5 cm sections following the leaching experiment (statistically significant at the
n = 0.05 probability level), with an overall mean decrease of 0.5 pH units. The Pratl sand
and Eufaula sand pH values declined by 1.1 and 1.0 units, respectively, in comparison to
initial pH. Many of the soils equilibrated closer to their initial pH values toward the
bottom of the columns. Biological activity and the decomposition of organics trapped in
the top portion ofthe column is a potential explanation for the increased acidity. This
decrease in soil pH could aid in the sorption of higher effluent P concentrations from the
precipitation of iron and aluminum phosphates. Another general trend observed was the
shifting of the fine textured soil pH values in the 0-1 cm section toward the lagoon
waste's pH of 7.9. Increased residence time (the 100 day leaching period) between the
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slightly alkaline swine effluent and the Norge, Port, Richfield, and Dennis soils is the
likely cause of this pH change noted in the top segment of the fine textured columns.
Leaching Column Results vs. Batch Adsorption Isotherm Mobility Estimates
Phosphorus transport in the leaching column study was compared to the batch test
mobility estimates. This comparison between the two experiments was performed to
evaluate if the adsorption isotherm estimates ofP mobility correlate to actual P migration
in leaching columns. The mobility factors Kd and R obtained from the column
experiment and the batch adsorption isotherms are displayed in Table 4 along with a
statistical comparison of the mobility factors obtained from the fine textured soils. Since
no replications were created for the coarse textured leaching columns, statistical analysis
could not be performed to compare the mobibty factors calculated from the WCOLUMN
model results and the adsorption isotherm mobility estimates. However, a simple
comparison of the mean difference in retardation factors clearly displayed obvious
distinctions between the results of the two experiments.
As seen in Table 4, the batch isotherms for the fine textured soils yielded similar
Kd and R factors when compared to the actual P mobility in the leaching columns for
three of the four soil series. No statistical difference was found in the mobility factors for
the Dennis clay loam, Norge clay loam, or Port loam (a= 0.05). A mean difference in R
ranged from 9.95%, 15.2%,8.92%, and 25.6 % for the Dennis, Norge, Port, and Richfield
soils, respectively. The coarse textured soils exhibited a significantly greater difference
in R factors with mean differences of72.3%, 81.3%, 78.9%, and 39.4% for the
Dougherty, Eufaula, Pratt, and Yahola soils, respectively.
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For the sandy soils, the variation between the R values ofthe batch test and
column study could be due to several potential reasons. Historical research has shown
adsorption isotherms typically sorb greater concentrations ofP than that observed in
leaching column studies. For example, Jardine et 311. (1988) found that solute retardation
for several cationic and anionic tracers was overestimated for batch isotherms in relation
to soil columns. Jardine et 311. (1988) concluded that the use of batch adsorption
measurements for transport parameters might result in erroneous estimates. Explanations
for this occurrence are beyond the scope of this work..
Another explanation for the wide variability in R factors observed in the sandy
soils could be due to differences in the sorption oforganic phosphates versus inorganic
phosphates. The leaching column study utilized swine latgoon effluent as a P source
containmng organic P (approximately 40% of the P was organic, based on the dissolved
reactive P concentration of40.1 mg L-1 and a total P analysis of 70.3 mg L- 1), while the
isotherms used an inorganic P source (K2HP04). Numerous pri.or stlJdies have
demonstrated that organic P, bound up in colloidal phosphates, is more mobile than
inorganic P (Beauchemin et 311., 1998; Chardon et 311., 1997; Eghball et 311., 1996; James et
311., 1996; Lucero et 311., 1995). Due to this higher mobility of organic P, the isotherms
could have underestimated the P transport factors in comparison to the leaching columns
model output. Additionally, the non-Gausian shape of the Pratt and Eufaula
breakthrough curves also supports the hypothesis that colloidal P could have been
transported more rapidly, particularly in the larger pores of the coarse textured soils.
Both liquids had similar pH values (swine effluent: 7.9; K2HP04 solutions: 7.7), so the
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possibility ofthe solutions altering the sorption and precipitation potential oHhe soils
was ruled out.
Of the fme textured soils, the Norge and Richfield soils demonstrated the greatest
differences in R values estimated from the isotherms and leaching column results.
Although the predicted P mobility factors appeared to be more accurate for the fine soils
in relation to the sandier soils, mean differences in R of 15.2% and 25.6% were
cakulated for the Norge and Richfield soils, respectively (Table 4). Additionally, these
two soils possessed the highest concentrations of amorphous iron and aluminum oxides
of the eight soils used in the experiments. The deviation in R factors could be due to the
release of phosphate from iron/aluminum oxides under reducing conditions present in the
soil colunms (redox values of-146 mV and -118 mY were measured for the Norge and
Richfield soils, respectively, following the 100 day leaching period). The 24 hour shake
time for the adsorption isotherms would not be expected to create conditions this reduced
and therefore could not account for the P mobility attributed to desorbed phosphate from
the sesquioxides. Phillips (200 1), in a similar soil column study using an inorganic P
addition to a reduced soil rich in iron oxide clay, also concluded that increased water
soluble P was attributed to solubilized phosphates under reducing conditions. Finally,
mineralization of P within the swine effluent could also have i.nfluenced the downward
migration of phosphates within the columns.
In summary, the implementation of adsorption isotherm analysis for lagoon liners
and/or underlying lagoon soils would give a good indication of P leaching potential,
assuming the material is a fine textured soil. Column leaching studies would provide the
most accurate measure of P mobility, but this procedure is time consuming, labor
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intensive, and economically impractical. As seen in the column tests and the batch
isothenn data, coarse textured soils are not suitable for lagoon placement due to their
mnability to retard vertical P movement and the limited sorption potential of sands in
comparison to silts and clays. State regulatory agencies responsible for lagoon
construction should consider adopting stricter parameters 011 the material used for lagoon
bottoms, especially in P sensitive watersheds. Specifically, soil properties such as
percent sand, percent clay, amorphous iron oxide content, amorphous aluminum oxide
content, and P sorption maximum would supply pertinent information on soil factors
important on the immobility ofP. Additional studies need to be perfonned which focus
on the minimum concentrations of amorphous iron and aluminum oxides necessary to
sorb swine effluent P without threatening groundwater quality.
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CONCLUSIONS
Phosphorus leaching from swine lagoon effluent can be affected by several soil
chemical and physical properties. Characteristics such as soil texture, clay content, P
sorption maximum, and amorphous iron and aluminum oxide content had the greatest
influence on restricting vertical P movement. Additionally, linear equilibrium adsorption
modeling appears to adequately estimate swine lagoon P breakthrough and transport in a
broad range of soils.
The results from this project are applicable for determining P transport through
soils underlying swine lagoons and could aid in the selection ofsites for lagoon
installation. As seen from the leaching column data, phosphate movement in a lagoon
failure scenario can result in significant P impact to groundwater quality if the subsurface
lithology consists of coarse textured soils. By contrast, fine textured soils have the abihty
to retard infiltration and sorb much greater quantities of P. Additionally, soils possessing
high concentrations of amorphous iron and aluminum oxides are best suited for lagoon
placement in environmentally sensitive areas susceptible to P enrichment. As stated
previously, an adsorption isotherm test or leaching column study is highly recommended
as a screening tool for future lagoon placement sites.
The selection of adequate locations for earthen basins would significantly cUltail
the risk associated with groundwater contamination. Currently in the United States, most
state regulatory agencies have adopted guidelines or standards for lagoon construction
specifications. Investigating potential lagoon placement sites for subsurface coarse
textured material (sand lenses, alluvial sands or gravels, or buried horizons) would screen
out locations where a lagoon leak could impact surface or groundwater quality. Finally,
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lagoon construct should be strictly regulated in areas ofbigh water tables or in regions
where seepage could discharge into surface water bodies.
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Table 1. Classification, percent separates, and texture for eight B-horizon soils used in
column study and batch adsorption isotherm tests.
Soil Series Classification % Sand % Silt % Clay Textural
Class
Dennis fine, mixed, thermic Aquic Argiudoll 37.5 27.5 35.0 clay loam
Dougherty loamy, mixed, thermic Arenic Haplustalf 87.5 7.5 5.0 loamy sand
Eufaula sandy, sihceous, thermic Psammentic Paleusta}f 95.0 5.0 0.0 sand
Norge fine-silty, mixed, thermic Udic Paleustoll 27.5 37.5 35.0 clay loam
Port fine-silty, mixed, thermic Cltll1u]ic Haplustoll 32.5 47.5 20.0 loam
Pratt sandy, mixed, thermic Psammentic Haplustalf 90.0 5.0 5.0 sand
Richfield fine, smectitic, mesic Aridic Argiustoll 20.0 37.5 42.5 clay
Yahola coarse-loamy, mixed, thermic, Typic Ustifluvent 70.0 22.5 7.5 sandy loam
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Table 2. Selected chemical properties of eight B~horizon soils used in column study and batch adsorption isothenn tests.
Soil Series pH Redox Organic Amorphous Amorphous Water Total N TotalP Pmax#
Potential* Carbon Iron Aluminum Soluble (mgkg-l) (mg kg-I) (mg kg-I)
(mY) (g kg-I) Oxide Oxide Calcium
(mg kg-I) (mg kg-I) (mg L-1)
Dennis 7.69 -215 0.14 366.0 363.7 5.8 55.2 40 141
Dougherty 5.50 -60 OAO 317.6 170.1 3.5 94.3 138 72
Eufaula 7.03 70 0.02 102.3 60A 3.3 2.1 44 11
Norge 6.01 -146 0.88 1001.8 851.2 4.0 200.7 153 147
---l Port 7.80 -182 1.20 658.7 243.7 8.5 257.5 173 6500
Pratt 7.34 77 OA8 119.8 203.9 8.1 110.2 173 29
Richfield 8.29 -118 OA8 1005.8 736A 32.7 107.6 424 125
Yahola 8.28 -100 0.19 230.5 85.2 11.2 48.0 165 21
*Redox potential was measured immediately after leaching ceased
Rpmax was determined by the inverse slope of the Langmuir adsorption isotherm
Table 3. Bulk density (DB) of packed soil columns, leaching duration, and
saturated hydraulic conductivity (Ksal) at the starting and ending of
leaching period.
Soil Series DB Leaching Starting Ksat Ending KSa1
(g crn-3) Duration (em S-l) (em S-I)
Dennis 1.33 100 days 2.23E-07 1.27E-07
Dougherty 1.50 21 days 9.25E-06 1.09E-06
Eufaula 1.50 34 hours 5.55E-04 3.52E-04
Norge 1.33 100 days 2.60E-07 1.59E-04
Port 1.33 100 days 6.24E-07 2.64E-07
Pratt 1.50 22 hours 7.88E-04 6.95E-04
Richfield 1.33 100 days 2.IIE-07 1.06E-07
Yahola 1.50 40 days 4.37£-06 2.79E-06
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Table 4. Calculated distribution coefficients (~), retardation coefficients (R),
and mean difference in R between the batch adsorption isothem1 and
leaching column experiment for each soil.
Soil Series Experimental Method ~t Mean Difference
in Rtt (%)
9.95
----------------------------------- Fine Textured Soils* --------------------------------------
Dennis batch adsorption isotherms 25.0a 68.8a
leaching columnJrnodel fit 27.8a 76.4a
Norge
Port
Richfield
batch adsorption isothenns 47.0a 128.6a
leaching column/model fit 40.0a 109.0a
batch adsorption isothenns 10.5a 29.6a
leaching column/model fit 11.6a 32.5a
batch adsorption isotherms 17.1a 47.7a
leaching column/model fit 12.7b 35.5b
15.2
8.92
25.6
72.3
--------------------------------- Coarse Textured SoiJs** ------------------------------------
Dougherty batch adsorption isotherms 5.0 16.6
leaching column/model fit 1.0 4.6
Eufaula
Pratt
Yahola
batch adsorption isothenns 2.1 7.5
leaching column/model fit 0.1 1.4
batch adsorption isotherms 5.5 18.0
leaching column/model fit 0.8 3.8
batch adsorption isotherms 4.6 17.0
leaching column/model fit 2.7 10.3
81.3
78.9
39.4
t Kd was determined in the batch test method by calculating the slope of the linear portion
of each soil's adsorption isotherm; in the leaching column experiment Kd was determined
using WCOLUMN.
tR was estimated in the batch tests by the following equation: R= 1+(DB/0)*Kd; in the
leaching column experiment R was determined using WCOLUMN.
ttMean difference in R is determined by dividing the least of the two R factors calculated
from the batch test or model fit into the opposite R, then multiplying by 100 (yielding a
percent). The product is subtracted from 100.
*Within each fmc textured soil series, mobility factors Kd and R are not significantly different
(P < 0.05) when comparing batch isotherms to leaching column/model fit data.
**Statistical comparison for the mobility factors ofthe coarse textured soils could not be
determined due to no replications of leaching columns tests; therefore, mean difference in
R was calculated.
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Table I - I
Dennis loam P fraction concentrations at time zero
Sample # Treatment Ioorl!anic P Fractions (ml!lkl!)
Soluble! i
Lllosely Red.uctant TotalP
Bound I' At-P Fe-P p Cn-P Fractions
Dennis, Check,
44 Unsaturated. Rep. I 19.5 20.3 27.4 0.0 6.2 73.4
I
Dennis, Check,
I Unsaturated. Rep. 2 23.4 18.7 31.3
:
0.0 6.9 80.3
Dennis, Check.
5 Unsaturated. Rep. 3 20.7 16.5 32.9 00 7.1 772
Dennis. Check,
28 Saturated, Rep. I 21.6 21.4 30.3 0.0 5.9 79.2
Dennis. Check,
3 Saturated, Rep. 2 20.9 26.9 348 0.0 6.1 88.7
Dennis. Check,
20 Saturated, Rep. 3 204 23.7 33. I 0.0 6.5 83.7
" .'" ~··~~~'~t~ ,'"'!,"O,t" ~~.~ . "1',. "9-":r '... ' Ii . .•~, hJ~'<. f"; j: ,\~' """" ',}-';.... " . . ,"'~ ." .C·,"·~· _.~.~ ..,,, I
Dennis. 0-2 ft.
41 Unsaturated. Rep. I 35.4 22.5 32.3 00 6.5 %7
Dennis, 0-2 ft.
15 Unsaturated. Rep. 2 31.6 21.7 35.6 0.0 5.8 94.7
Dennis, 0-2 fl.
13 Unsaturated. Rep. 3 38.9 /9.9 31.9 0.0 6.5 I 97.2
Dennis, 0-2 ft.
24 Saturated. Rep. I 63.4 27.8 32.5 0.0 7.5 IJ 1.2
Dennis. 0-2 ft.
16 Saturated, Rep. 2 54.9 24.1 37.0 00 8.3 124.3
Dennis. 0-2 ft,
, 37 Saturated, Rep. 3 57.3 26.6 311 0.0 7.9 122.9
a' ;~.,' " I ,. I j
~. )7 , III ~b, ,~'. '.c' ~" •,: 'M;" ,.1 :'J:i&l.i:.:' i\.. ,,,,'A:,"'P/', .:',. .. ~itJ , ~;"'"J.:
"'W"''''·-.
'1,
Dennis. 4-8 ft.
33 Unsaturated, Rep. I 354 21.6 30.3 0.0 6.1 934
Dennis. 4-8 ft.
4 Unsaturated, Rep. 2 36.7 19.5 34.9 0.0 5.4 96.5
Dennis. 4-8 ft.
38 Unsaturated, Rep. 3 42.1 247 33.1 0.0 69 106.8
Dennis. 4-8 fl,
2 Saturated. Rep I 53.5 23.3 35.1 0.0 6.9 118.8
Dennis, 4-8 ft.
45 Saturated. Rep. 2 61.2 29.2 30.8 0.0 8.7 129.9
Dennis, 4-8 fl.
34 Saturated. Rep. 3 57.7 24.7 341 0.0 7.1 123.6
. .- " I I 'I.. '. . '. ,
'. :~~""")" ~",,',.;.!~,.,. I ' "4- " ~", _,.' ~,;.,t t k y ,1· •of ~{.~ ~"':~I~~~o!""~, ~,~·J11~ •. ~~ - T," ,
"
Dennis, Sludge.
19 Unsaturated. Rep. I 170.4 111.9 495 00 122 344.0
Dennis, Sludge.
6 Unsaturated, R.ep. 2 1579 115.1 41.7 0.0 10.3 3250
Dennis, Sludge,
25 Unsaturated, Rep. 3 1760 1213 53.1 , 0.0 9.5 3599
Dennis, Sludge,
47 Saturated, Rep. 1 564.3 4625 2915 0.0 25.7 1344.0
Dennis. Sludge,
29 Saturated, Rep. 2 628.9 443.7 302.9 0.0 21.0 13965
Dermis, Sludge"
48 Saturated. Rep. 3 6011 459.3 298.7 0.0 29.3 13884
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Table 1-2
Bethany silt loam P fraction concentrations at time zero
Sampleft. TreafmenC Inore;anic P Fractions (miYk1!)
Soluble!
Loosely Reductant Total P
Bound P AI-P Fe-P p Ca-P FractIons
Bethany, Check,
23 Unsaturated, Rep. 2 47.9 89.2 39.4 0.0 61.5 238.0
Bethany, Check,
26 Unsaturated. Rep. 3 53.0 93.4 42.5 0.0 63.4 252.3
Bethany, Check,
43 Saturated, Rep. I 46.8 92.3 38.7 0,0 56.6 2344
Bethany, Check,
14 Saturated, Rep. 2 48.0 93.7 37.3 0.0 59.3 238.3
Bethany, Check,
7 Saturated, Rep. 3 45.7 92.9 36.2 00 55.1 2299
It);~" ,~". 'l..' ,.,' •~·cr. .'7~:: '" ~, ~.'~ ;U ;,.... t, -r.' J:':2./•. ' :z:.:: c
Bethany, 0-2 ft,
18 Unsaturated, Rep. I 53.7 90.8 36.5 0.0 62.2 243.2
Bethany, 0-2 ft,
35 Unsaturated, Rep. 2 55.2 93.1 39.8 0.0 61.0 249 I
Bethany, 0-2 ft.
12 Unsaturated. Rep. 3 51.2 94.0 40.7 00 58.3 244.2
Bethany, 0-2 ft.
II Salllrated, Rep. J 93.1 l52.6 51.6 0.0 767 374.0
Bethany. 0-2 ft,
31 Saturated, Rep. 2 91.8 145.2 48.6 0.0 78.1 363.7
Bethany. 0-2 ft.
32 Saturated, Rep. 3 96.4 149.9 49.1 0.0 79.3 374.7
~":i J:. j
,0: ","" ." t1t~ .'.i .;..':": 1:: ~.: ". """t-i " ,,' ,,- 1(,1:1. ).': '~ ~';";;r1t."1. ( ,'" ~.
Bethany, 4-8 ft,
n Unsaturated, Rep. I 50.4 88.6 42.2 0.0 62.3 2435
Bethany. 4-8 ft,
17 Unsaturated, Rep. 2 55.9 955 37.4 00 57.8 246.6
Bethany. 4-8 ft.
10 Unsaturated, Rep. 3 52.1 96.4 41.8 0.0 5<).3 249.6
Bethany. 4-8 ft,
22 Saturated. Rep. I 92.4 154.3 58.7 0.0 70.3 375.7
Bethany. 4-8 ft.
36 Saturated, Rep. 2 90.9 146.0 51.6 0.0 78.8 3673
Bethany, 4-8 ft, ,
9 Saturated, Rep. 3 95.7 149.8 50.9 00 76.0 372 4
;- ·~.....'t,J 1':1",-
""
'I-i' ,1 ,~ ... .. ~ ~ ~, 1..
Bethany, Sludge,
40 Unsaturated, Rep. I 243.7 2319 113 8 00 52.4 ()ill 8
Bethany, Sludge.
30 Unsaturated, Rep. 2 266.1 237.5 109.4 0.0 55.3 0683
Bethany, Sludge, I
21 Unsaturated, Rep. 3 253.9 221.0 107.2 0.0 59.8 6419
Bethany, Sludge,
46 Saturated. Rep. I 773.4 465.3 202.9 0.0 89.2 1530.!!
Bethany. Sludge,
39 Saturated, Rep. 2 742.1 457.1 200.2 0.0 97.6 1497.0
Bethany. Sludge.
42 Saturated. Rep. J 758.0 459.7 198.3 0.0 103.8 1519.8
89
Table 1- 3
Richfield clay loam P fraction concentrations at time zero
Sample# Treatment Inoq~anicP Fractions (m~ 'kg)
Soluble!
Loosely AI-P and Fe Reductant Total P
Bound P P P Ca-P Fractions
Richfield, Check,
I 60 Unsaturated, Rep. I 0.0 12.4 0.0 119.7 132.1
Richfield, Check,
64 Unsaturated, Rep. 2 0.1 9.4 0.0 113.6 123.1
Richfield, Check,
57 Unsaturated, Rep. 3 0.1 8.6 00 115.0 123.7
Richfield, Check,
03 Saturated, Rep. I 0.1 11.2 0.0 1167 1280
Ri,chfield, Check.
50 Saturated, Rep 2 0.1 13.5 0.0 112.4 1260
Richfield, Check,
50 Saturated, Rep. 3 0.1 14.1 0.0 120.3 134.5
lci'b'"'·!.,*-,~ "i;.. ." ''1(1. Ie
".. 'f,,:~!I;;l.a. i',r "t}, . :~ ';:~i. ,,:16~_7 ~~,:, ,. . I.~ ,....,..;.' ,:.'si. o~·.. .P, -,
Richfield, 0-2 ft,
53 Unsaturated, Rep. 1 9.4 I 1.6 0.0 115.2 136.2
Richfield. 0-2 ft.
49 Unsaturated. Rep. 2 87 13.4 0.0 1127 134.8
Richfield. 0-2 11,
68 Unsaturated, Rep. 3 9.8 158 0.0 III 8 1374
Richfield, 0-2 ft. , ,
72 Saturated, Rep I 45.1 283 0.0 125.3 1987
Richfield, 0-2 fl,
61 Saturated, Rep. 2 48.9 30 9 0.0 123.4 2032
Richfield, 0-2 fl,
52 Saturated, Rep. 3 43.5 27.1 0.0 116.8 187.4
l
:l' ~. j~; " • r" , 1". '.\ ."":" .:., ni I T't,.",' I ~r _,'".. >.,
Richfield, 4-8 fl.
67 Unsaturated, Rep. 1 8Q 101 0.0 1110 130.0
Richfield, 4-8 ft,
58 Unsaturated, Rep. 2 9.8 13.9 0.0 1193 143.0
Richfield, 4-8 ft.
59 Unsaturated. Rep. 3 W.2 96 0.0 112.4 132.2
Richfield, 4-8 ft, I
69 Saturated, Rep I 496 24.3 0.0 122.0 IQ5.9
Richfield, 4-8 ft,
51 Saturated, Rep. 2 477 29.9 0.0 121.3 1989
Richfield, 4-8 ft,
66 Saturated, Rep. 3 49.5 25.1 0.0 127.1 201.7
.I~{.·~ , ;::tli' ~~".f,. -~." ':~i~~ . .iI!'. "~,.", > }:~ ~'2 ~ ~'f Ii
, ',"" ",.~!li'< , '" '~~ . ~J' :~:, ~ ,
Richfield, Sludge.
62 Unsaturated, Rep. 1 104.7 40.1 0.0 139.4 284.2
Richfield, Sludge, I
54 Unsaturated, Rep. 2 108.9 33.8 00 142.1 2848
Richfield, Sludge,
55 Unsaturated, Rep. 3 111.2 31.3 0.0 137.0 2795
Richfield, Sludge,
65 Saturated, Rep. 1 241.3 1123 0.0 1983 551.9
Richfield, Sludge,
71 Saturated, Rep. 2 243.9 127.9 0.0 204.9 5767
Richfield, Sludge,
70 Saturated, Rep. 3 237.5 119.4 0.0 201.2 558.1
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Table I - 4
Dennis loam P fraction concentrations after 35 day incubation
Sample II Treatment Inor£anic P Fractions (m£/k£)
I SolubleJ
Loosely Reductant TotllJ P
Bound P AI-P Fe-P p Ca-P Fractions
Dennis, Check,
44 Unsaturated, Rep. 1 14.5 11.4 23.6 0.0 8.6 64.1 !
Dennis, Check,
1 Unsaturated, Rep. 2 31.9 18.4 44.8 0.0 7.8 108.9
Dennis, Check,
5 Unsaturated, Rep. 3 36.3 19.3 35.9 0.0 6.5 98.0
Denms, Check,
28 Saturated, Rep. I 00 22.1 60.3 0.0 5.8 88.3
Dennis, Check,
3 Saturated, Rep. 2 0.0 26.6 66.7 0.0 5.4 98.6
Dennis. Check,
20 Saturated, Rep. 3 0.0 21.5 64.3 0.0 3.8 89.6
~~~" .~
'oil .i.
...,", "iI': ~"\IC ~ '"
... _,,-J .,;, J" ,-
Dennis, 0-2 ft,
41 Unsaturated, Rep. I lost 24.0 46.6 0.0 6.4 76.9
Dennis. 0-2 ft,
15 Unsaturated, Rep. 2 3.9 39.5 347 00 6.8 84.9
Dennis. 0-2 fl,
13 Unsaturated, Rep. 3 24.6 28.0 351 0.0 8.6 96.3
Dennis, 0-2 ft,
24 Saturated, Rep. 1 0.0 42.9 83.1 0.0 6.1 132.2
Denllls, 0-2 ft,
16 Saturated, Rep. 2 0.0 41.5 90.1 0.0 6.6 138.1
Dennis, 0-2 ft,
31 Saturated, Rep. 3 0.0 35.2 106.0 0.0 4.8 146.0
~1't ..1f'! 'l~ ctJ:~' ""~ ",.~g;\,,"'Jf~~ .:;;", ,Ill ," ;i' ,iii ,"" ·~tj " .' -": '. ...-"!"
r....'1 " ",' Iii .. J~, ,-,'". -!i,- c,'" ~ r... !r~. ',1'- Il' lfi
Dennis, 4-8 ft.
33 Unsaturated. Rep. 1 40.4 00 29.8 0.0 8.6 78.8
Dennis, 4-8 ft,
4 Unsaturated. Rep. 2 355 24.2 39.4 O.U 6.1 105.1
Dennis, 4-8 fl,
38 Unsaturated, Rep. 3 18 1 23.3 31 5 0.0 7.6 805
Dennis, 4-8 fl,
2 Saturated. Rep. I 0.0 38.6 114.4 0.0 76 160.6
Dennis, 4-8 ft.
45 Saturated, Rep. 2 0.0 39.5 1101 0.0 7.7 157.4
Denms, 4-8 ft.
34 Saturated, Rep. 3 0.0 30.0 97.4 0.0 6.0 133.4
~ii~~_i .,~~~-~ ~~, A;~l~~'lt!'R .,giL ,.•" '!!~, ll;- .. ," . ~l
"';':, "b ~ il-'<t,?/;.i6m ;;.r,ii ,~,
" c"
.It~.~ .:eri ~. ~ ~-¥; ._.•
Dennis. Sludge,
19 Unsaturated, Rep. 1 48.8 165.6 95.9 0.0 14.3 3246,
Dennis. Sludge,
6 Unsaturated, Rep. 2 78.4 103.1 I 70.6 0.0 11.6 263.7
Dennis, Sludge,
25 Unsaturated, Rep. 3 100.2 166.3 75.4 0.0 12.7 354.5
Dennis, Sludge,
47 Saturated. ReP. I 496.2 457.1 316.2 0.0 49.2 13187
Dennis, Sludge,
29 Saturated, Rep. 2 496.5 6235 388.6 0.0 47.7 1556.2
Dennis, Sludge,
48 Saturated, Rep. 3 475.5 515.8 335.8 0.0 42.8 1369.8
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Table I - 5
Bethany silt loam P fraction concentrations after 35 day incubation
Sample# Treatment Inoreanic P Fractions (mwkg)
Soh:llblel
Loosely Reductant Total P
Bound P A1-P Fe-P P Ca-P Fractions
Bethany. Check,
8 Unsaturated, Reo. 1 52.3 90.1 44.9 0.0 66.9 254.3
Bethany, Check.
23 Unsaturated. Reo. 2 52.1 93.9 38.2 0.0 59.4 243.6
Bethany, Check,
26 Unsaturated, Rep. 3 55.5 97.2 40.2 0.0 64.1 257.0 I
Bethany, Check,
43 Saturated, Rep. 1 3.5 109.4 62.1 0.0 861 261.1
Bethany, Check.
14 Saturated, Rep. 2 14.9 1088 66.0 0.0 68.4 258.0
Bethany, Check,
7 Saturated, Rep. 3 7.1 1\7.4 848 0.0 74.4 283.7
~~~~ JGf-" . 'l' , .....,~ ~ , '-
Bethany, 0-2 fi,
18 Unsaturated, Rep. I 48.6 1007 53.8 0.0 69.3 272.3
Bethany, 0-2 n.
35 Unsaturated, Reo. 2 41.8 83.0 37.7 0.0 76 I 238.6
Bethany. 0-2 ft.
12 Unsaturated, Rep. 3 56.6 89.8 46.5 0.0 57.6 250.5
Bethany. 0-2 ft,
II Saturated, Rep. \ 41.6 144.0 74.1 00 71.2 3309
Bethany, 0-2 ft,
I 3\ Saturated. RejJ. 2 23.5 160.6 85.0 0.0 75,6 344.7
Bethany. 0-2 ft,
32 Saturated. Rep. 3 9.4 139.0 92.2 0.0 66.9 307.5
~ , ~ __l~') ~ . '-j"'," ,..1:.. '~;'''''''"'i''" -",";. .::,~ ~
Bethany, 4-8 ft,
27 Unsaturated, Reo. \ 497 1l0.6 40.5 00 648 265.6
Bethany. 4-8 ft,
17 Unsaturated, Rep. 2 44.9 967 49.3 00 65.6 2565
Bethany. 4-8 ft.
10 Unsaturated, Rep. 3 59.1 90.3 47.2 0.0 77.2 27H
Bethany, 4-8 ft,
22 Saturated. Rep. I 64 144.8 68.0 0.0 524 271.6
Bethany. 4-8 ft,
36 Saturated, Rep. 2 19.0 161.9 888 0.0 59.9 3297
Bethany, 4-8 ft,
9 Saturated. Rep. 3 24.3 177.2 1063 0.0 75.4 3832
""'.
*
,
"J .~ .-
Bethany. Sludge,
40 Unsaturated, Reo I 130.2 274.6 795 0.0 759 5602
Bethany, Sludge,
30 Unsaturated, Rep. 2 120.7 271.6 640 0,0 805 536.7
Bethany. Sludge,
21 Unsaturated, Rep. 3 173.7 355.4 70.0 0.0 77.3 676.3
Bethany, Sludge,
46 Saturated, Rep. 1 558.8 574.6 152.3 0.0 102.3 1387.9
Bethany, Sludge,
39 Saturated, Rep. 2 741.4 587.0 174.9 0.0 83.4 1586.7
Bethany. Sludge,
42 Saturated. Rep. 3 717.4 516.1 145.7 0.0 77.9 1457.2
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Table I - 6
Richfield clay loam P fraction concentrations after 35 day incubation
Richfield. 4-8 ft.
67 Unsaturated, Re . I 0.4 15.1 0.0 104.1 119.u
Rlchlield, 4-8 ft,
58 Unsaturated, Re . 2 0.4 17.2 0.0 1176 135.2
Rlchfield, 4-8 fl.
59 Unsaturated, Rep. 3 0.8 15 I 0.0 1300 1459
Richfield. 4-8 ft,
69 Saturated. Re I 0.2 547 0.0 118.7 1736
Richfield, 4-8 ft.
51 Saturated, Re . 2 01 559 0.0 140.1 1961
Richfield. 4-8 ft,
66 Saturated. Rep. 3 0.5 51.7 0.0 126.6 178.8
Sample # Treatment Inor2anic P Fractions (m~lkg)
Soluble!
Loosely AI-P and Fe Reduetanl Total P
Bound P P P Ca-P Fractions
Richfield, Check,
60 Unsaturated, Rep. 1 0.1 7.5 0.0 117.6 125.1
Richfield, Check.
64 Unsaturated. Reo. 2 0.1 8.5 0.0 99.6 108.1
Richfield, Check,
57 Unsaturated, Rep. 3 lost 8.0 0.0 122.1 130.1
Richfield, Check,
63 Saturated, ReP. 1 0.1 11.5 0.0 122.1 133.7
.Richfield. Check,
56 Saturated, Reo. 2 0.0 11.5 0.0 124.3 135.9
Richfield, Check.
50 Saturated, Rep. 3 0.0 12.9 0.0 132.2 145.1
.,. '. ;:,~'C ,. ~ ii1:.. ...- :~~:it ;.{,' , .11' iO'~~~; .~: 1;6!' '" ",.,".- I! 1:0 '~"':ii' .:: {;~~:~ i 'i~.." 'ti" '~,,~: . ;~li;:'~ .~\ ,""'",,', .. , ":, ;r,. J. l
Richfield, 0-2 ft.
53 Unsaturated, Rep. I 0.2 16.1 0.0 Il7.6 1338
Richfield, 0-2 ft.
49 Unsaturated, Rep. 2 0.2 16.5 0.0 119.8 136.5
Richfield, 0-2 ft,
68 Unsaturated, Rep. 3 lost 14.2 0.0 108.6 122.7
Richfield, 0-2 ft,
n Saturated, Rep. 1 0.2 36.9 0.0 127.7 164.8
Richfield, 0-2 ft,
61 Saturated. Rep. 2 0.1 51.0 0.0 106.3 157.5
Richfield, 0-2 fl.
52 Saturated. Rep. 3 2.2 50.8 0.0 lost 53.0
i"'*","Fl~ ~ "!h ..~ ..;'.; , "'. III . ,'j
'R.\; " ... ". ........
Richfield, Sludge,
62 Unsaturated. Rep. 1 12.7 606 0.0 175.0 248.4
Richfield, Sludge.
54 Unsaturated, Reo. 2 145 55.5 0.0 ]71.6 241.5
Richfield. Sludge,
55 Unsaturated, Rep. 3 16.5 53.7 0.0 158.1 228.4
Richfield, Sludge,
65 Saturated, Rep. 1 33.1 204.2 0.0 3518 589.1
Richfield, Sludge,
71 Saturated. Rep. 2 18.9 2144 0.0 248.2 481.5
Richfield. Sludge.
70 Saturated, Rep. 3 35.4 216.8 0.0 319.2 571.3
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Tabl.e I - 7
Total P concentrations and means for soils and swine
waste sources
Soil Series Total P Average
(mg P kg soir
'
)
Dennis 1 I 166.00 , "
Dennis 2 135.00
Dennis 3 170.00 157.00
',11.'i. .-,,~- . "",' ,." '" .. --~~ '" M'" ""-
Bethany 1 343.00 ~
Bethany 2 338.00
Bethany 3 357.00 346.00
~.Ii·~··· r;.il!'t;,:~~ .•~ if';~jj1" ;;. ,S)""~ . ,
Richfield I 264.00 111 ,. '-:i),4
Richfield 2 255.00
Richfield 3 264.00 I 261.00
( -,
Waste Source
0-2 ft Effluent 1
0-2 ft Effluent 2
0-2 ft Effluent 3
Total P
(mg P kg soir l )
74.00
71.00
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Average
Richfidd clay loam (fine, smectitic, mesic, Aridic Argiustoll)
Goodwell, OK Oklahoma State Panhandle Research Station
Bethany silt loam (fine, mixed, superactive, thennic Pachic Paleustoll)
Hennessey, OK Oklahoma State University fertility research plots
Dennis loam (fine, mixed, thermic Aquic Argiudoll)
Holdenville, OK Private hog producer's field
Figure 1-1. Locations where soil samples were collected for incubation study.
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Figure 1-2a. Incubation flasks with different treatments applied to Dennis loam.
Figure I-2b. Assorted saturated and nonsaturated treatments.
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APPENDIX II
Additional Tables and Figures From Column Study and Batch Isothenn Tests
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Table II-1. Location ofeight B-horizon soils used in the leaching column project.
Soil Series
Dennis
Dougherty
Eufaula
Norge
Port
Pratt
Richfield
Yahola
County
Hughes
Payne
Payne
Payne
Payne
Kingfisher
Texas
Payne
Legal Land Description
SWV4, NE
'
i4, SW~, Sec. 4, R.9 E., T. 9 N. LM.
D mi. north and 2.5 mi. east of Holdenville, OK
SE~, SE~, NEY4, Sec. 36, R.2 E., T.18 N. LM.
8 mi. south and 1 mi. east of Stillwater, OK
SWY4, SEY4, SEV4, Sec. 4, R.l E., T.17 N. I.M.
10 mi. south and 8 mi. east of Stillwater, OK
SWY4, SEY4, SW~, NE~, Sec. 16, R.2 E., T.19 N. LM.
Oklahoma State University Agronomy Research Station
in Stillwater, OK
SW~, SE~, SWJi4, SWY4, Sec. 2, R.2 E., T.20 N. LM.
8 mi. north and 0.5 mi. east of Stillwater, OK
SEV4, SWY4, SE1;4, Sec. 1, R.9 W., T.19 N. LM.
12mi. west and 3 mi. north of Hennessey, OK
SW~, NE1;4, SW~, Sec. 36, R.l3 E., T.2 N. C.M.
Oklahoma State University Panhandle Research Station
in Goodwell, OK
NE 1i4, SEY4, SW1i4, SEY4, Sec. 7, R.3 E., T.17 N. I.M.
1.5 mi. south and 0.75 mi. east of Perkins, OK
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Table II-2. WCOLUMN model output for the Dougherty leaching column.
Pore Volume Observed P Model P .1 Difference Chi-
Captured Concentration (mg L· 1) Concentration (mg L· t) i (mg L·1) Squared
0.25 0.15 5.6lE-32 0.15 0.023
0.50 0.15 6.06E-14 0.15 0.023
0.75 0.15 5.51E-08 0.15 0.023
1.25 0.15 2.47E-03 0.15 0.022
1.50 0.15 0.03 0.12 0.014
1.75 0.15 0.19 -0.04 0.001 I
2.00 0.30 0.66 ! -0.36 0.133
2.25 0.27 1.70 -1.43 2.038
2.50 1.04 3.45 -2.41 5.787
2.75 5.19 5.93 -0.74 0.546
3.00 6.78 9.03 -2.25 5.060
3.25 10.30 12.54 -2.24 5.013
3.50 16.20 16.22 -0.02 0.001.
3.75 22.40 19.87 2.53 6.415
4.00 27.40 23.30 4.10 16.775
4.25 30.20 I 26.42 3.78 14.260
4.50 30.20 29.17 1.03 1.068
5.00 32.70 33.49 -0.79 0.617
5.25 34.10 35.16 -1.06 1.131
5.50 33.00 36.42 -3.42 11.674
5.75 34.00 37.46 -3.46 12.002
6.00 34.10 38.29 -4.19 17.569
6.25 34.50 39.00 I -4.50 17.621 I
6.50 34.20 39.60 -5.40 18.150
I 6.75 34.10 40.10 -6.00 18.700
7.00 34.40 40.20 -5.80 18.426
7.25 No Sample 40.30 - -
7.50 No Sample 40.40 I- -
7.75 No Sample 40.40 - -
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Table II-3.WCOLUMN model output for the Eufaula leaching column.
Pore Volume Observed P Model P Difference I Chi-
Captured Concentration (mg L") Concentration (mg L") (mg L'I) Squared
0.25 0.05 0.05 0.00 0.000
0.50 0.07 1.37 -1.31 1.706
0.75 1.72 4.43 -2.71 7.333
1.00 5.45 8.07 -2.62 6.864
1.25 10.90 11.64 -0.74 0.545
1.50 ]6.80 14.89 1.91 3.640
1.75 11.90 17.78 4.12 16.999
2.25 24.40 22.52 1.88 3.545
2.50 24.30 24.45 -0.15 0.022
2.75 24.70 26.14 -1.44 2.071
3.00 27.30 27.62 -0.32 0.105
3.25 29.40 28.93 0.47 0.220
3.50 29.00 30.09 -1.09 1.178
3.75 31.10 31.11 -0.01 I 0.000
4.00 33.20 32.02 1.18 1.396
4.25 33.60 32.83 0.77 0.594
4.50 33.00 33.55 -0.55 0.307
4.75 33.00 34.20 -1.20 1.450
5.00 34.10 34.79 -0.69 0.473
5.25 35.30 35.31 -0.01 0.000
5.50 35.30 35.79 -0.49 0.237
5.75 36.10 36.22 -0.12 0.013
6.00 36.10 36.60 -0.50 0.254
, 6.25 36.10 36.96 -0.86 0.733
6.50 36.20 37.30 -1.10 1.170
6.75 No Sample 37.40 - -
7.00 No Sample 37.50 - -
7.25 No Sample 37.60 - -
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Table II-4. WCOLUMN model output for the Pratt leaching column.
Pore Volume Observed P ModelP Difference Chi-
Captured Concentration (mg L") Concentration (mg Lot) (mg L'!) Squared
0.25 0.11 2.81E-09 0.11 0.012
0.50 0.12 6.41E-04 0.12 0.014
0.75 0.12 0.04 0.08 0.007
1.00 0.10 0.28 -0.18 0.034
1.25 0.t5 0.96 -0.81 0.660
1.50 O,lO 2.15 -2.05 4.223
1.75 I 0.45 3.81 -3.36 11.298
2.00 1.88 5.81 -3.93 15.463
2.25 5.21 , 8.03 -2.82 , 7.941
2.50 9.90 10.34 -0.44 0.198
2.75 12.90 12.67 0.23 0.051
,
,
3.00 16.60 14.95 1.65 2.717
3.25 19.70 17.14 2.56 6.579
3.50 21.40 19.20 2.20 4.853
3.75 23.20 21.12 2.08 4.315
4.00 25.50 22.91 2.59 6.728
4.25 24.90 24.55 0.35 0,125
4.50 26.20 26.05 0.15 0.023
4.75 27.30 27.42 -0.12 0.014
5.00 28.80 28.66 0,14 0.019
5.25 30.50 29.79 0.71 0.503
5.50 31.50 30.81 0.69 0.474
5.75 33.30 31.73 1.57 2.452
6.00 33.30 32.57 0,73 0,538
6.25 32.30 33.32 -1.02 1.035
6.50 32.40 33.99 -1.59 2.538
6.75 34.00 34.60 -0.60 0.362
7.00 34.00 35.15 -1.15 1.322
7.25 34.00 35.64 -1.64 2.699
7.50 34.60 36.09 -1.49 2.210
7.75 34.00 36.49 -2.49 6.177
8,00 34.00 36.84 -2.84 8.089
8.50 34,80 37.50 -2.70 7.512
9.00 35.80 37.95 -2.15 4.636
9.25 35.30 38.16 -2.86 8.207
9.50 37.00 38.35 -1.35 1.835
9.75 37.30 38.53 -1.23 1.503
10.00 37.70 38.68 1.62 2.623
1050 37.90 38.94 1.36 1.839
11.00 38.00 39.16 1.14 1.305
11.50 37.60 39.33 0.97 0.938
12.00 37.90 39.47 0.83 0.685
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Table IT-5. WCOLUMN model output for destructively sampled Dennis column.
Distance in Leaching Time ModelP Observed P
Column (cm) (days) Concentration (mg kg,l) Concentration (mg kg· l ) ,
0.00 100 34.90 22.99
1.05 100 I 24.98
2.11 lOa 13.87
3.16 100 5.68 I 7.18
4.21 100 1.66
5.26 100 0.34
6.32 100 0.05
7.37 100 4.47E-03
8.42 100 2.86E-04 0.27
9.47 100 1.22E-05
10.53 I 100 3.49E-07
11.58 100 6. 64E-09 ""~ "12.63 100 8.38E-11 ~ a
13.68 100 7.00E-13
14.74 100 3.87E-15 0.72
15.79 100 1.4lE-I 7 ~
16.84 100 3.4IE-20 ,~III
.'
~
17.89 100 5.42&23 ~ ;J.~ D
18.95 100 5.68E-26 ,1: .') ill
100 3.92E-29 II 0.00 I20.00
Table II-6. WCOLUMN model output for destructively sampled Norge column.
Distance ill Leaching Time Model P Observed P
Column (em) (days) Concentration (mg L· 1) Concentration (mg kg")
0.00 lOa 32.31 24.73
1.05 100 19.23 .~~ III .. ..
2.11 100 7.71 ;~ij;:'~ ~ '!I"i :,
3.16 100 1.94 1.71
4.21 100 0.29 ,~. J ':,.., 'ill;
5.26 100 0.03 <[ ;J
6.32 100 1.34E-03 ~ 'oi-' iii T. ~ '"
7.37 100 3.89E-05 ,. > ".,.; :li! .~
8.42 100 6.37E-07 0.04
9.47 lOa 5.84E-09 ~.ro;,. .,. !' ~ a:';: I
10.53 100 2.99E-Il .... lf '-""... J!jf..i~",1:. _ 1'" ':'
100 8.49E-14
~
').11.58 '" .'"
12.63 100 1.34E-16 1ft' ,~.n: /ti'. 'lll·~.. ' ~'IIl. "'ll
13.68 lOa 1.17E-19 I:'''.•,,~ 11 ~', ;:"
14.74 100 5.62E-23 0.09
1.49E-26 .§., ....?' ,jIJ,- • ':- -g "15.79 100
""
16.84 100 2.19£-30 w.," • ii ,,c"
17.89 100 1.76E-34
.'" ~ .~ .!i 1',,," .. '~"
18.95 100 7.81E-39 . "" '~;', YJ'::~ ~ "tb.
20.00 100 1.91E-43 0.00
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Table II-7. WCOLUMN model output for destructively sampled Richfield column.
Distance in Leaching Time Model P Observed P
Column (em) (days) Concentration (mg L") Concentration (mg kg· l )
0.00 100 38.98 34.26
1.05 100 35.30
2.11 100 29.49
3.16 100 .22.16 17.79
4.21 100 14.68
5.26 100 8.43
6.32 100 4.14
7.37 100 1.74
I 8.42 100 0.61 4.15
9.47 100 0.18
10.53 100 0.05
11.58 100 9.35E-03
12.63 100 1.6IE-03
13.68 100 2.30E-04
14.74 100 2.73E-05 1.64
15.79 100 2.68E-06 a
16.84 100 2.18E-07 . ,l, m r.~
17.89 LOO 1,47E-08
"
18.95 100 8.L7E-IO
"
20.00 100 3.75E-ll 0.00
Table U-8. WCOLUMN model output for destructively sampled Port column.
Distance in Leaching Time Model P Observed P
Column (em) (days) Concentration (mg L-l) Concentration (mg kg'l)
0.00 100 I 39.86 49.27
1.05 100 37.43 :'" ." " ;-;.I
2.U 100 33.12 ·f. "
3.16 LaO 26.98 24.12
4.21 100 19.8 L .
5.26 lao ]2.89 . '" "i, , I'
6.32 100 7.33 ."~. "'"
,
7.37 100 3.63 ';:~"",;. ,!/ , i i'
8.42 100 1.54 1.14
9.47 100 0.56 , ' . :t I y"
10.53 100 0.17 r' \. ~, ,. '.
11.58 100 0.05 .. ";"; " """.' ,,,
"
"
12.63 100 om " ;' ?' '~" ,~ ;;
13.68 100 1.89E-03 " \ ;, ,. ";,
14.74 100 2.99E-04 0.84
15.79 100 3.99E-05 ,.., ,\, (""-:"i' ,
16.84 100 4.48E-06 .., . oj ·i. " ,,\ "
17.89 100 4.23E-07 ',7
,
·r .. , 'r "
18.95 100 3.35E-08 ,
20.00 100 2.23E-09 0.00
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Table 11-9. WCOLUMN model output for destructively sampled Yahola column.
Distance in Leaching Time Model P Observed P
Column (cm) (days) Concentration (mg L-l) Concentration (mg kg"l)
0.00 40 30.52 29.90
1.05 : 40 29.31 ~-
2.11 40 28.06
3.16 40 26.78 I 21.19
I 4.21 40 25.48 :
5.26 40 24.16
6.32 40 22.83
7.37 40 21.50
8.42 40 20.17 20.95
9.47 40 18.86 ~
10.53 40 17.57
11.58 40 16.30
12.63 40 15.06
13.68 40 13.87
14.74 40 12.71 8.24
15.79 40 11.61 ~
I 16.84 40 I 10.56 ; 1
17.89 40 9.56
18.95 40 8.62 .. 1
20.00 40 7.74
-
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Figure II-Ia. Soil columns (1) before the swine lagoon effluent leaching experiment
began and (2) after a 1.5 m hydraulic head of effluent was applied.
105
Figure II-I b. Lagoon swine effluent delivery sys~em for column study.
Figure II-I c. Leachate collection bottles for coarse textured soils.
l06
Figure II-I d. Color variation of leachate captured from Pratt sand and Eufaula sand.
Notice the purple coloration due to the swine effluent as pore volume
increments increase.
Figure II-I e. Organics accumulation near top portion of Yahola sandy loam column.
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y = 17.263x + 151.57
1"2 = 0.7748
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Figure II-2. Correlation of percent clay content in soils to total P extracted from the 0-1 em
section ofdestructively sampled columns.
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Figure II-3. Correlation ofP sorption maximum to total P extracted from the O-lcm section
of destructively sampled columns.
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Figure II-4. Correlation of water soluble calcium extracted from soils to total P extracted from
the O-lcm section of destructively sampled columns.
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Figure II-5. Correlation of percent organic carbon to total P extracted from the O-tcrn section
of destructively sampled columns.
109
VITA
Damon Gene Wright
Candidate for the Degree of
Master of Science
Thesis: PHOSPHORUS DISTRIBUTION AND MOBILITY THROUGH SOILS USING
SWINE LAGOON WASTE
Major Field: Plant and Soil Sciences
Biographical:
Personal Data: Born in Oklahoma City, Oklahoma, on January 13, 1975
Education: Graduated from Yukon High School, Yukon, Oklahoma, in May
1993; Received Associates of Science degree from Redlands Community
College, EI Reno, Oklahoma, in May, 1995; Received Bachelor of Science
degree in Plant and Soil Sciences from Oklahoma State University,
Stillwater, Oklahoma, in May, 1998; Completed requirements for Masters
of Science degree with a major in Plant and Soil Sciences at Oklahoma
State University, Stillwater, Oklahoma, in May, 2002
Professional Experiences: Undergraduate Teaching and Research Assistant,
Department of Plant and Soil Sciences, Oklahoma State University,
August 1997 to May 1998; Graduate Teaching and Research Assistant,
Department of Plant and Soil Sciences, Oklahoma State University, June
1998 to May 2001; Project Manager/Environmental Soil Scientist, Apex
Environmental, Inc., August 2000 to May 2002
Professional Organizations: National Society of Consulting Soil Scientists,
Professional Soil Scientist Association of Oklahoma, American Society of
Agronomy, Soil Science Society ofAmerica, National Ground Water
Association, Gamma Sigma Delta Honor Society of Agriculture
